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SUFMARY

- A detailed theoretical and experimental study of the concept of
using spherical implosions as the driving mechanism for producing projectiles
#ith velocities of the order cf 50,000 feet per second has“been made. Experi-
gental resulis which include iaunchings of 0.22 and 0.312 inch diameter, one
caliber, magnesium and polyethelene projectiles, up to velocities of 17,000
feet ver second verify the validity of the implosion driving concept.although
discrepancies still exist in the magnitude of the predicted and measured
velocities. The present-performance limit is dictated by apparatus iimitations
and is not representative of the ultimate performence limit for impiosion
drivers. Theoretically, velocities in the 50,000 to 100,000 feet per second
_regime are possible provided the projectiles can withstand the acceleration
profil .. -Calculations are included which indicate the feasibility of accelerat-
ing 1 inch diameter projectiles, 1 caliber long (p = 1.0 g/cc) to 50,000 fest
per second in a larger launcher having a 30 inch diameter hemispherical chamber
and a 1.0 inch liner of explosive.

The theoretical work shows the dynamics of the waves in the chamber
is predictable from modified classical implosion theory. A theoretical model
of an implosion in a sphere is made with which the conditions inside the sphere
can be calculated. A detailed examination of the results of three numerical
experiments is made and the properties of the resulting wave phenomena deter-
mined. A comparison of the theory, numerical experiments and some actual mea-~
surements in a hemispherical chamber show that the theoretical predictions of
conditions inside the hemisphere agree reasonably well with the numerical and
experimental resulfs,

An approximate model of the dynamics of the flow and the pro-
jectile in the barrel is formulated and performance is calculated using a
numerical code which takes into account the efiects of friction, counter
pressure, time v.riation of the conditions at the origin of the hemisphere.
A comparison of the predicted and measured performance shows that most of the
effects of the various initial conditions and operating parameters are pre-
dicted. However a much more rigorous analysis will be required to obtain more
accurate values of projectile velocity.

The instantaneous and uniform ignition of the explosive liner
used vo drive the implosion is shown to be a crucial part of the implosion
driving concept. The results »f a study undertaken to determine the explosive
materials and conditions that can be used for generating the implosion are
presented and show that several explosive materials, including several PETN
formulations, lead azidz, nitrocellulose and combinations of these have pro-
perties that make themn amensble to initiation by an impinging gaseous detona-
tion wave. "Some of these are rejected for safety reasons. Experiments were
made which proveyconclusively that symmetric spherical implosions can be pro-
duced by vsing gaseous detonation waves at moderate pressures to initiate safe,
secondary, sclid explosives. '
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NOTATION
sound speed
acceleration
elastic wave speed
capacitance
specific reat at constent opressure
specific heat at constant volume
explosive thickness
projectile diameter
detcnation velocity
denominator of f' relation, Eq. (2.70)
speciflc internal energy
elastic modulus
reaction energy
total energy
energy per unit volume
energy per unit surface area
fraction burned
similarity quantity representing pressure
coefficient of sliding friction

similarity quantity representing pressure
(Lutter's notation)

force
chemical reaction rate

specific static enthalpy

factor in artifical viscosity relation, Eq. (2.56)

constant in implosion time relation, Eq. (2.105)

barrel length
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flow Mach number

shock Mach number

reacivion order

ratio of peah pressure to yield stress
cycle number

zeros term of f' relation, Eq. (2.72)
pressure

artificial viscosity

energy release or addition

radius or distance coordinate
normelized radius or distance coordinate
chamber radius

resistance

universal gas constant

detonation wave velocity - density slope
specific entropy

time

explosive thickness
non-dimensionalized implosion time
temperature

velocity

shock velocity

specific volume

similarity parameter from Sedov
explosive weight

distance coordinate
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time constant in pressure decay

ratio of specific heats

isentropic exponent

deflection

exponent of radial variation of pressure

erergy per unit volume

similarity variable representing density
similarity variable representing particle velocity
similarity variable representing distance

yield stress

decay factor

exponent on spacial variation of density

a suall quantity

density

Pﬁisson‘s ratio

1, plane coordinates; = 2, cylindrical

spacial index ( =
= 3 spherical coordinates)

coordinates;
collision rate
ratio of internal energy to total energy
cycle time integral

characteristic time

ignition delay parameter

gravitational potential

characteristic explosion radius

ratio of internal energy to kinetic energy
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Subscripts

cyc cycle

c 7 singular or critical value

D detonation state

E explosion state

exact exact value

exp explosion phase

i initial conditions

i inner radius

imp implosion phase

inbound conditions left by imploding shock

incub incubation

max maxioum

o outer radius

orig conditions at the origin or origin zone
outbound conditions immediately behind reflected imploding shc¢ok
P projectile

pl plastic flow

R reflected shock

S shock front

4 zero condition

¥ conditions at ty or ry

o reference conditions

1l conditions ahead of a moving normal shock

2 conditions immediately behind a moving normal shock
5 conditions behind a reflected normal shock

00 conditions at asymptote

() represents differentiation with respect to 1
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1. INTRODUCTIOR

The hypervelocity launcher, vecause of its ability to accelerate
a known aerodynamic shape to an accurately krown velocity in a variety of
atmospheres and conditions in a ballistics range, has been used successfully
for many years in the investigation of hypersonic phenomena. Data obtained
from ranges has increased our knowledge in the areas of hypersonic aerothermo-
dynamics, vehicle stability, wake structure, radiative and convective heat

transfer and impact phenomena. In some of these areas, the area of applicability

of the ballistics range overlaps those of other aersthermodynamic simulation
devices such as shock tubes and shock tunnels, enabling independent checks

to be made of the various dats and phenomena. The tillistics range is uniquely
qualified for hypervelocity impact research and as such hes been partieularly
useful in dealing with meteorite impact in space flight applications and ics
military counterpart in anti-missile defence problems. No small effort has
been expended to increase the velocity capability of these devices. Propellant
driven guns, which were the first to be used, were limited to v2locities of the
order of 8,000 to 10,000 feet per second by the low escape speeds of the pro-
pellant gases.l Later, they were superseded by the light-gas gun iechnigue cf
Crozier and Hume® which produced velocities of up to 15,000 to 20,000 feet per
second for projectiles weighing a few grams. At present multipie-stage light-
gas guns, using the "accelerated reservoir" tﬁchnique of Curtiss3 can produce
velocities up to about 35,000 feet per second,’5 for project.les weighing

45 miiligrams. Heavier projectiles can be launched, but at correspondingly lower
velocities. The present state of the art can be described by the mass-velocit
limit shown in Fig. 1, which is taken from 2 very recent survey by Lukasiewicz®.

Although numerous schemes and techniques including explesive
driving!, electrical driving,8,9,10 electromagnetic drivingll and augmentationl?
have been suggested to further increase the projectile velocity, to date (March
1967) 35,000 feet per second for a C.05 gram projectile is about the upper limit

of present technology.

It should be noted that some 1aborutoriesl3 have produced copper
jet sprays of up tghloo kilometers per second (328,000 feet per second) and
Wenzel and Gehring™ of General Motors have succeeded in accelerating fragments
weighing from 0.08 to 0.31 grams up to from 45,600 to 54,100 feet per second
using shaped charges. In the present work, the discussion will be restricted
to those devices which accelerate predetermined and known aerodynamic shapes
to accurately messured velocities. "Fragment accelerators" will be excluded

fiom Ll.e discussion, as they do not represent "true" guns, using this defini-
tion.

The "performance barrier" is unfortunate since velocities of
interest for many space-research problems extend presently up to 60,000 feet
per second,l5 and the area of interest is expected tc¢ increase in the forseeable
future. Indeed for meteorite impact work, velocities »f 200,000 feet per second
are currently of importance. While the latter velocity may not be obtained in
the immediate future, it appears that 50,000 to 60,000 fuvet per second velocity
regime can be reached by using the spherical-implosion technique.

The principle problems of extending the velocity limit are chat
the pressures and temperatures that can be produced and con“ained in a laboratory
apparatus and the accelerations that projectiles can withstand are limited.

N ——————— A ——— s <

Prvom




TR

T

EAVEM I IT PR W)

LIS AN

L

e iR S e e e

) Fd:;!&kHM

In 1959, Prof. I. I. Glass of the Institute for AerospaciG§tudies suggested a
method for overcoming the pressure and temperature limit™~ by using explosive-
driven spherical iuplosion waves instead of the planar waves, which are the
basis for most of the existing launchers. Not only are the peak pressures

and temperatures considerably bigher (infinite at the origin in the ideal case)
than the one-dimensional case, but they act over smaller interior regions that
have limited contact with the containing walls hence are somewhat easier to
contain and control. The high pressures and temperatures of an implosion-
driven device are transient by nature and aggravate an already serious pro-
jectile integrity problem, but as will be shown subsequently, are of sufficient
duration to produce hypervelocities for projectiles of practical interest.

The basic construction and the principle of operation of the
implosion driven launcher are shown in Figs. 2 and 3 which are respectively, a
diagramatic view of the implosioa-driven launcher and a schematic of the various
phases in the operating cycle.

The implosion-driven hypervelocity launcher consists essentially
of a hemispherical cavity in a massive metal block. A barrel is placed such that
the entrance to the barrel is coincident with the origin of the hemisphere.

The interior of the hemispherical surface is coated with a thin layer of explo-
sive; a diaphragm and projectile is positioned at the entrance to the barrei;
and the remainder of the hemispherical cavity is filled with a -combustable
mixture of oxygen and hydrogen. The gaseous mixture is ignited at the origin
with sufficient violence to generate a detonation wave in the gas (Fig. 3a).

The detonation wave propagates outward spherically and reflects frot. the surface
of the explosive igriting it instantaneously and uniformly over the eatire
surface, generating . ¢xplosi =-driven, imploding shock wave (Fig. 3b). This
shock wave converg=s on the m 4in monotonically increasing in strength as it
approaches the origin. On reflection (Fig. 3c) it leaves a very high-temperature,
high-pressure region which bursts the diaphragm and acts on the base of the pro-
jectile, accelerating it along the barrel.

While the concept sounds straight-torward., it has in fact required
great effort to bring it to the point of practical reality. In the years since
1959, much background work has had to go into translating this concept into a
workable, practical device,17 especially since it encompasses areas of gas
dynamics that have not been the subject of much researcn. The technical pro-
blems of producing a stabl:, uniform, imploding wave are manifold involving a
number of discrete research areas, such as spherical wave dynamics, spherical
detonation waves, shock initiation of =xplosives, wave stability as well as the
more mundane problems of the physical strength of the apparetus under shock
loading end very high pressures. The key technical problem for the implosion
was that of the initiation of the explosive. If an explosive cannot be made to
detonate instantaneously and uniformly, then little hope can be held for generat-
ing a symmetric implosion. Accordingly, much effort went into solving this
particular problem. The results now show that the ignition, by the impingement
of gaseous detonation waves, is bhoth possible and practical and that there are
several explosive materials which will detonate when gaseous detonation waves
of mederate pressures, collide with themn.
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In the subsequent sections a review and discussion is made of
the applicable gasdynamics, wave interactions and the classical self-similar
theory for imploding shocks. A model is then developed of the dynamics of an

"implosion in a sphere" and coupied to the ballistics problem and the gasdynamics

of the gas in the gun barrel. The anticipated performance of the implosion
driven gun is then calculated and a comparison with the measured performance
made. The model is used further for optimization purposes and an assessment

of the feasibility of larger and/or higher velocity guns. In Sec. 4 the results
of the one-dimensional, explosive-initiastion studies are presented and discussed
and the apparatus and operating vrocedures are detailed. In the remaining
sections the launcher facility, the apparatus and operating procedures are
enumerated and the present state of the art discussed and recommendations made
for future work.

2. THEORETICAL CONSIDERATIONS

In this section the theory on which the implosion-driven hyver-
velocity launcher is based is developed. In Sec. 2.1 the salient features of
plane one-dimensional waves are reviewed with a view towards the limiting
behavior in the strong shock case. The similar solution for exploding shocks
made possible by the assumpvion of strong shocks as given by Taylor and Sedov
is discussed in Sec. 2.2. Using this as e basis the classical similar solution
for the imploding shock is discussed in Sec. 2.3, and numerical solutions
presented for values of ratio of specific heats not previously published.

Values of the exponent of the variation of pressure with radius are also given. In

Sec. 2.4 a model of an "implosion in a sphere" based on classical implosion
theory is made and examined. This is followed in Sec. 2.5 by e detailed
examination of the results of a set of three numerical experiments and a com-
parison of the results with the implosion in a sphere model.

2.1 Review of Planar Nonstationary Waves

Although the important features of the implosion driven launcher
are dictsted primarily by the spherical waves and their dynamics inside the

chamber, a short discussion of planar waves is in order since many of the boundary

conditions are given by plane-wave considerations. Furthermore locally, a
apherical wave can be treated as & plane phenomens, This is true for both an
exploding wave, the reflection of the exploding wave from & wall and for an
imploding wave, but not for the reflection of an imploding wave at the origin
(see Sec. 2.5.4). However, in this last case there are certain similarities
between the refiection of & spherically imploding wave at the origin and the
reflection of a plane wave from a plane surface in that they both have an
asymptotic behavior for the strong shock case. Since the properties of planar
waves will be referred to repeatedly in the derivations and discussions to
follow, it was felt advisable to review their most important properties.

Starting with the basic premises of the conservation of mass,
momentum, and energy and for the assumption of an ideal (inviscid, non heat-
coaducting, thermally and calorically perfect) gas with no body forces, the
conservation equations for the planar cese can be writtent

(mass) g% + g% (pu) = 0 (2.1)

S

CULTIRT S

¢ Wb,

"




- e e

B

o g

o MR

(momentum) % +u g——: = - % gﬁ (2.2)
(energy) g% +u % 0 (2.3)

These three fundamental equations can be manipulated into a form which gives
the ratios of the conditions across a moving plane shock, in terms of a nondimen-
sional shock velocity, or shock Mach numbers, Mg = U./a;

The static pressure ratio p2/p1 is given by
P2 = 22X p2. 21 (2.4)
pl-pzl a0 S s :

The static temperature ratio T2/T1 is

Foas (6D WIEE ] e

The density ratio py/py is

o]
2 + 1
=p.. = _Zﬁ— (2.6)
Py~ a1 Ty -1+ 2N

and the particle velocity uw, is

1

2 1
= -7-;_—]: <MS - -M-S-> (2;7)

where y = Cp/Cy

These equations can also be written in terms other than My, for example, in
terms of the shock pressure ratio p,;, the shock tewperature may be written

7-1

1+ Poy
Ty =Py 17+l (2.8)
.Z:_- + p
7+1 21

Many of these alternate forms can be found in Refs. 19, 20 and 2%, to mention
a few,

Much of the difficulty and challenge of gasdéynamics comes from
the non-linear behavior of Eqs. (2.4) through (2.7) with sheck wave vclocity.
However, for Mg >> 1 these relations take on a much simpier form. The
shock wave static pressure ratio Poy: equation (2.4), reduces to

~—l)l _ y°
Py e Mg (2.9)



The shock static temperature retio T,,, Eg. (2.5) reduces to

: 2y \ (2-1 .
s -".;(7+1 ><,1'a:> %o, (2.10)

@ e e b W ree e -~ e

The density ratio 921 reduces to a constant which is given by

T smaN e aew s ¢ wie e e

+
Ppy™ 5:% , (2.11)

the particle velocity hehind the shock simplifies to

4 ”~ g >
reii1 M, , (2.12)
1
or 5
u, ~ ;;'I Us R (2.13)

and the flow Mach mumber behind the shock becoaes

1
- 2 2 \
Mf { W]' (2.14)

These simpler forms will meke possible the similar solutions for the implod-
ing and exploding spherical shocks. Note that the constants in Egs. (2.9)
through (2.14) are a function only of the ratio of specific heats 7.

While 1< 7 < 1.67 isecommonly found in gasdynamics problems
(71 for heavy molecules such as SFg, which has 15 vibrational degrees of
freedom), explosive products and gases at very high densities often behave as
if 7 ~ 3, corresponding to a single degree of fresedom. The behavior of these
relations with 7 can be seen from Fig. 4. They are tabulated for convenience
in Table 1. HNote for 7y < 2, the flow immediately behind a strong shock is
supersonic. For 7y =2 it is just sonic and for y > 2 it is subsonie,

From the same cited references (19, 20, 21) the properties
across a reflected plane shock, in the ideal case, are shown %o take the form:

for the reflected shock static pressure ratio ps/’p2

P5 a+2a-pp2

Dap = , (2.15)
P, 52 l+a P12
for the reflected shock static temperature ratio TS/TE
T a+
LRI X (.16
2 P52
and for the reflected shock density ratio 95/92
Pe l1+ap
p) 52
—= = pg, = —t (2.17)
Po 2 @+ Psp

AP 1]
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vhere
a= X1
7y -1

Again, for the assumption that Mg >> 1 i.e. p,, >> 1 or conversely p,,~ O
the non linear behavior disappears and the ra%%os become constants which
depend only on the ratio of specific heats 7, snd are independent of any otner
parsmeter. For example

~ 3L (2.18)

Psp yo1

Psp ;Ll— (2.19)

~ 31 | 2.20
Top = (2.20)
Equations (2.18) through (2.20) are plotted for 1 < 7 < 3 in Fig. 5 and are
tabulated in Table 1.

Corbining Eqs. (2.9) through (2.13) with equations (2.18)
through (2.20) respectively, the pressure, temperature and density jumps as
seen by the reflecting surface are determined to be

- _ 2y (3r1) 2 >
Pgy = PopePyy = 51 ( = M, (2.21)
- m - 2(2-1)(37-1) ,, 2 0,20
T = Tope"p )P M, (2.22)
- - 20rt1) (2.2
Pey = PonePpy = .23)
517 792721 T () 142

These limiting relations are plotted in Fig. 6.and tabulated in Table.l.
It is of interest to note that for all of the limiting cases

— = = (2.2b4)

i.e., the perfect gas law is not violated, as must of course be the case.

From the figures, the following behaviur can be noted: The reflected shock
ratios take on possible values

=
IN
=}

< oo

<o For 3>7y>1. (2.25)

fA

T
U
n

v

T, 2 2

wim  mlw

The total jumps as seen at the reflecting surface take on
values
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3<py <® 337<d (2.26)
2> 2A>o0

It should be noted that the varietion of the pressure with y is opposite to
the variation of temperature wiith 7y i.e., 7y effects which tend to increase

the pressure tend to decrease the temperature and vice versa. In launchers as
in shock tubes both high temperatures and high pressures are required Tor high
performance hence generally an optimun can be found for a given set of initial
conditions.

All of %z above are derived for the assumption of a perfect
gas. For most cases of jractical ianterest the pressures and temperatures will
be such that real gas eifects will produce deviations from the conditions pre-
dicted by perfect gas theory. The complexity of the chemistry involved reguires
each case to be considered on its own merits and the use of nvmerical pro-
cedures and machine compuiation to calculate shock jump properties is usually
dictated, Tables and graphs for a wide range of conditions are available for
both air““»<~ and many other gases.2 Further many laborstories have extensive
unpublished data on other gase«. At present several organizations, notably
AVCO-Research and Advanced Dei-:lopment Laboratory have computer codes which
can produce extensive shock wave data from basic thermodynamic data of a given
gas. In principle then, shock tables can be made available for any gas or
mixtures of gases provided the basic thermodynamic data is known.

While no general correction to the perfect gas results can be
made a few qualitative rerarks are possible. As the gas in question is excited
by energetic collisions, it behaves initially as if it were utilizing addition-
al degrees of freedom. The qualitative behavior can be noted by observing the
effect of a decrease in y , that is to say, pressures and densities generally
increase and temperatures decrease. If the shock is so strong as to cause
c omplete dissociation and ionization of the gas, it begins 10 beheve as a mona-
tomic gas, with a 7y of 5/3. As the intent of this study i< + produce an under-
standing of the basic ideas of the implosion-driven processi., the real gus
problem will not be iiscussed in any detail in order that the simple ideal
properties of the irplosion dynamics should not be obscured by the complex
chemistry.

2.2 Review of Spherical Explosions

Spherical%g exploding and imploding shock wave phenomena may pe
readily found 1» nature. Man-made spherical explosions came into existance
essentially with the invention of gunpowder. However it was not unlil the large
scale avpplication of science to warfare in World War II and the resulting atomic
bomt that o concerted effort was made to understand the gasdynamics of intense
spherical explosions. Prior to World War II the understanding of spherical
shocks produced by explosives was essentially on a pragmatic basis.
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The general problem of a finite source explosion is sufficiently
complicated by the non-linearity of the system of equations even with the
simplifying assumption of a perfect gas that computing machines and numeriral
methods are required for solution. While numerical results are very useful
for a specific case, they lack the generality desirable to understand the
problem in its entirety. However the simplification made possible by the
assumption of an ideal, point source {i.e., masslsss) explosion makes possible
analytic solutions and allows insight into the general problem of explosions.

2.2.). Classical Poirt Source Explosion

Three researchers, Taylor26’27 Sedov28 and von Neumann29,
independantly and nearly simultaneously obiasined solutions for an ideal point
explosion in a gas. Sedov's elegant method of solution is somewhat abstract,
but analytic, hence exact. Taylor's is such that the physics of the problem
remains clear throughout the mathematical manipulations although he resorted
finally to a numerical solution. Von Neumann's solution has the advantage that
it is analytic and also retains physical clarity. He also provides extensive
relations to facilitate the use of the solutions in practical problems. Taylor's
cpproach will be followed in the discussion below as & similar approach will
be used in the numerical solution of the implosion problem.

The classical point source explosion solution is based on three
assumgcions, 1) the resulting blast shock is strong, 2) the pressure immediately
behind the shock varies inverseiy as the shock front radius cubed and 3) the
profiles of the physical quantities behind the front are self-similar. The
Tirst assuuption, that of the strong shock, replaces the complete shock wave
relations with their limiting reletions, as discussed in Sec. 2.1. It should
be noted that were it not for this simplification, a similarity solution would
not be possible. The second assumption i.e., that the shock pressure varies
as r~3 comes essentially from a dimensional argument which notes that, when
the energy originally in the quiescent gas is negligible by comparison , the
total energy contained in the region behind the blast wave is constant only if
p ~ r~3, For powers less than or greater than 3, energy is being either added
or removed continuously with time. The third assumption is that the self-
similar quantities f, ¢ and ¢, representing pressure, particle velocity and
density, do exist. These quantities are assumed initially and the mathematical
manipulations seek to show their existance and to finally evaluate them as
functions of the nondimensicnal radius 7 .

Consider the equations of conservation of mass, momentum and
energy which for a perfect inviscid gas can be written for the spherical case

g%+§§%‘£l+g B - o (2.27)
%w%ﬁ g§=o (2.28)
%(") ..ug; <-CP,> -0 (2.29)
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Equation (2.29) is the "particle isentropic" equation which is valid in the
interior region bounded by the blast wave, since shock and other entropy pro-
ducing mechanismsare assumed absent in that region; aside from the initial
variable entropy production by the blast wave. It states that the flow along
a given particle path is isentropic although the entropy changes from path to
path. The pressure, density and particle velocity behind the shock consistant
with the three assumptions are assumed to obey the following

pressure E -y (n)r'3 (2.30)
& Pl l
density E}' = ¥(n) (2.31)
1
particle %— = opl('q)r'3/2 (2.32)
velocity s
vhere N = %}- (2.33)
s

and f7, ¥ and @; are the similarity quantities for pressure, density and
particle velocity, respectively. Taking the necessary derivatives, substituting
these into Egs. (2.27), (2.28) and (2.29) and replacing f} and @) by their non-
dimensional equivalents, f and ¢, reduces the set of non-linear, partial
differential equations to the following set of ordinary differential eguaiions
in the three similarity quantities f, %, and @ :

- % o + (@-n) o' + g# =0 (2¢3h)
o' + (9-n) Y' + 2%9 =0 (2.35)
-3f + (g-n)f' - »f %;-(w-n) =0 (2.36)

The only other quantity which appears is y. These three equations must now be
integrated to obtain £{n), ¢(n) and y¥(n).

Taylor26 noted that the system could be manipulated to yield
the derivatives in a manner that allows step by step numerical integration
starting for example, at the shock front. The derivatives written in this

form are 2
f{-sn so(er 4 - 2 }
£ = ! (2.37)
2. I
(9-n) "
3 _f
(p' = L__._’}'?L (2.38)
P -7
9
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Y = —— (2.39)
$-n,

The three required boundary conditions fixed by the shock relations require
that

£(1) = 7—3{— (2.40)
+1

y) = 5 (2.41)
2

o(1) = ) (2.42)

It is a result, rather than a boundary condition of Taylor's solution that

®(0) = 0, i.e., the velocity vanishes at the origin. This condition must be
satisfied if the solution is to nave any physical significance. While in
principle, one of the above boundary conditions could have been deleted and
®(0) = O substituted in its place, the resulting numerical computations would
have become unnecessarily complicated, requiring an iterative procedure on Q.

It should be noted that there are no singularities in this system in the region

0 <1< 1 and that the 2quations can be integrated numerically without difficulty.
The integral that expresses the energy contained within the blast sphere, pro-
vided the energy in the quiescent gas is negligible, is

j:(r Lo %;f\)q%m (2.43)

is bounded, and the history of the blast is determined by two constants Eg, and
Pos where E, is the total energy liberated in the blast and p, the undisturbed
density field. Some typical self-similar results are shown plotted in Fig. 7
and show the effect of ¥ on the resulting profiles. It can be seen from the
figure that the pressure is highest, immediately behind the shock front and
that initially it decays as 7 decreases and then leveling off, remains approxi-
mately constant at a non zero value as § — 0. The decay is most rapid for
the largest y's which also have the highest origin pressures. The particle
velocity varies in an almost linear fashion from the shock front to the origin
and vanishes at that point. The density approaches zero a short distance
behind tl.o shock for small values of ¥ , but for y= 3 extends to n = 0. The
gas engulfed by the shock is entrained in a relatively thin region behind the
shock front, and swept along with it. As will be seen subsequently, this gen-
eral type of behavior has similarities in the implosion case.

10
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F 2.2.2 Analytic Solutions

. Since the publication of the numerical solution to the point
1 source explosion by G.I. Taylor, three independent, different, get equi valen
3 analytic solutions have been published by Latter3°, J.L. Taylor and Sedov®
‘8 Sedov's solution actually predates these two solutions but did not become

available in the West until 1959, with the translation of Sedov's book,
"Similarity and Dimensional Methods in Mechanics." Sedov's exact solutions
have the virtue that all the similarity quantities sre given in an explicit,
although algebraically unwieldy form through a parameter V and includev= 1,2
and 3 cases. Latter and J.L. Taylor's solutions for the spherical case are

. R much simpler algebraically, although the similarity quantities are available
=k only in an implicit form, hence s%%ll require numerical methods to obtain

¢ f(n),@(n) %§n) directly. Harris < has obtained the equivalent solution for
v = 1, Lin33 published a numer -al solution forv= 2 in 195h.

28

e

oy

E Sedov's Solution
- Sedov's solutions take the following form, (the connection be-
3 tween Sedov's notation and G.I. Taylor's notation is indicated):

zlo . w2)t) §~ (2.44)

(2+v)(y+1) - 2 [2 + v(7-

) [ (2)) (. 2eel) >T (2.45)

2
- 2%V +1
| RUPRN (T LA PR AR
| Py 4 L 7-1 2 '/

Y

. (v+2) (7+1) (, 2+ v N
(vk2)(y+1) - 2 (2 + v(7-1)] "~ 2

: (2.46)

; Where the parameter V is given by

-2

ro_ [(v+2 +1 V} etV [Zi& <Fv+222 v - %)] X2
T y-1 2

{ (v2) (y+1) < L 22300) V)]'al (2.47)

(v+2)(y+1) -2 [2 + v(y-1)

11
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and the exponents O's are given by

ey v+2 2v(2-
&= 2Fv 7-1 [ 7Zv+2;% - 0?]
1 -
2 2]7-1§+v

b4

03 = ay—.‘ﬁ; (2.48)

R
!

o = o, (v+2)
)4 2-7
- 2
%= 33

While explicit in wu, p and p at least in terms oi V the complexity of these
relations rules out further substitution of these equations into other equations.

Latteré Solution30

Latter's analytic solution results frou manipulating Eqs. (2.3h4)
through (2.36) into a form that can be integrated direcily. He obtained for
®, an implicit function of 1

21
,9_; e
n 7
no=b 1572 - Ty+12 (2.49)
2/5 5(27+1)(37-1)
lgl/g__s__i
n 371
f and @ can be obtained from the simultaneous solution of
/£ 2 2 (2.50)
fQ +(cp-n)b—_i+ 21pq)>+c=0 5
and
n° (9-n) '§?1 = a (2.51)
Y

a, b and ¢ are constants that can be evaluated by applying the boundary con-
ditions at the shock front. c is found to be zero. It was obtained in the
criginal paper by requiring ¢(0) to vanish in Eq. (2.49). It could also
have been obtained by taking ®(1) = 2/(y+1). The two are directly equivalent,
i.e. taking ®(0) = O will result in @(1) = 2/(y+1) end visa versa. In this
case, unlike Taylor's numerical solution, there is no particular virtue in
applying one rather than the other. Nowever, it is not a fourth boundary
condition as has been stated erroneously at times in the literature. It
should also be pointed out that Latter uses a slightly different notation than
does Taylor. The F of the former (Latter) is related to the f of the latter

12
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(G.I. Taylor), by
(2.52)

I+

F =

- R

J.L. Taylor's solutions3 , which was published at the same time
as Latter's, is essentially the same, the only different being a matter of
nctation.

2.2.3 DNumerical Solutions of Finite Source Explosions

- The pumerigal sojutions for finite source explosions, of which
the works of Brode3*»35,30,37,35 are noteworthy examples, raquire the intro-
duction of an "artificial viscosity", using the method of von Neumann and
Richtmyer39 in order to smooth out the discontinuity at the shock front and

=

F to make it amenable to the finite difference technique. With the viscosity

§ term included, the conservation equations for the spherically symmetric case

- in Eulerian coordinates take the form3

: ! du Ju 1 oo+ N

; X TUF 5 —é;—gl (2.53)

ﬁ Sp op ou , 2u
el = = - Fo—— (‘
ot Y 3r or r (2.54)

%E +u %f = J_P.__tL_la;-'l <%‘§- +u g{f) (2.55)

where q, the artificial viscosity, is given by

'5'«1 q=5K pr? %‘;‘ <%§ -g‘;‘ (2.56

! K is an adjustable, multiplicative factor which increases or decreases the

; effect of the viscosity. The form of the term in brackets is such that for
au/ar > 0 the viscosity vanishes. In regions where the wave is spreading
naturally, for example, in the rarefaction region behind the blast wave, du/or
is positive, ¢ = O and the equations reduce to their inviscid form. 1In
compression regions, for example in the shock, the artificial viscosity terms
are retained to prevent the wave from steepening and becoming discontinuous.
One might expect that the Taylor similarity solution would hold behind the
shock, even for cases where viscosity is included. This is not borne out.
Latter30 has obtained similarity solutions for the entire flow field, both

] - upstream and downstream of the shock, for cases where viscosity is retained.
The sc utions for the region behind the shock, where q = O, were obtained
analytically as noted in Section 2.2.2. The solutions for the compression
region through the shock was obtained numerically. Latter found that the
inclusion of viscosity effects the entire flow field, including the region
behind the shock, but that Taylor's solution is obtained, in the limit as

q = 0. Not only are the shock jump conditions altered but also the expansion
ccnditions. While the difference is striking at unreasonably large values of
the viscosity parameter K, it is important to note that for small vulues of X,
the differsnce betwveen Taylor's solution and Latter's solution is not signifi-
cant.

13



Pressure-.and den31ty prozllcs from :spherical expldsions for
‘ severgl values of K -are shown in Fig. €. Note thnat the scale of tne distance
- | co-ordinate -on the outside of the shock is different from that of the inside
F in order to clarify the v*scos¢+y 2ffects, which are seen to be 31gn1flcant.
N - The dengi%y proflle, ¢( 5 behlnd‘the shock front remains essentially unchanged
1 5 for the range of K ccn31dered but for K O 3h9 a neak 1n denglty>appears
3 gressure proflles are. also altered bJ uhe art1;101al VJoCOS1ty,‘the pressures
3 ',generally 1rcrea31ng as K increases resultlng in érroneous. valués for both
the Shock pressure ratio. and' the pressure ratio across the expan31on. While
: the largest values of 'K shown, gives errors of fac*o*“ of 2 or inore, for the
seallest value of K shown, the -error is accepteble. Atthough ndt shown, the
k feffeﬂt on ve*oelty is similar éxcept that the velocxty'@roflle is depressed
with increasing K. Th= point made by this important work is thau ‘while the -
artlflclal viscosity technlqpe makes it posswble to solve the equatlons using
finite dlfferencn technigues, care must bé exXercised in selecting the "size" of
the viscosity coefficient lest too large a coeff1c1ert affect the validity of .
the results. . ] -

Ty ‘W'%~mw‘s_u T

Comparlson of Some uolublons

i

LETET
 ennna Ay

It is instructive to compare some of the results of numerical
and classical’ solutions with the experiments as it allows tlie merits and
, lemta ions of each to be assessed. Shown in Fig. 9, which 1s taken from
i Glass, Oisa plot of” the overpressures versus the rharacterlstlc radius, Ar,
for several dlffnrent explosions; l) a humerical point source explosion in
perfect air {y =1 h) 8 T 2) a numerical point sourcg explosion in real air, 38
3): “the class1cal self 51m11ar sglutlon tor vy = 4y a numerical hot
:sphere finite scurce °XDlOSlon 5) .2 numerical f;nlue source INT explosion37
and 6). data from a 'nuclear explosion =,

The nvmerical point source explosions should not be confused
with. the classical self-similar soluviion. For these numerical calculations,
the energy was added at a point and numerical technlques wer2 used to calculate
the resulting flow, in the relevant atmosphere, using the exact equations.
However,at high overpressures the classical self-similar solution and the point
source éxplosion are for perfect air indistinguishable., As the shock over-

i pressure decreases on expansion, the classical and the numerical point source

solutions ‘diverge, as the assumptiocns made to obtain the classical solution

begin to bresak down: the shock is becoming weak PZ/Pl ~ 10, the initial

pressure dbead cf the shoc¢k ig becoming significant \equlvalently, the energy
content of wndisturbed fluid is becoming significant) and the profiles, as

shown in thé inserted figures, are no longer self—similari The numerical

solutions ultimately become sound waves which decay as r~~. The numerical point -
gource solution for real-gas air is slightly weaker than the perfect-gas air

because energy is used up exciting various interral energy modes of the gas.

The finite source explosions behave much the same as the

§ numerical point explosions, except at high pressures, where the pressures
generally fall below the ileal curves. The difference depends on the particular
source considered. The ho%t sphere case (T = 386,000 %K, p = 20, goo atm),
follows the ideal curve for overpressures ]ess than Ap ~ 3 x 10° atm. The hot
sphere calcula’ion also shows the effect of secondary shocks which, generated

in the initial expansion, implode on the origin, reflect and overteking the

mein blast wave, strengthen i, The JAT explosion shows that finite source

1k
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effects for this case extend to much lower pressures. It does not reach the
ideal curve until Ap ~ 10. The data: from the nuclear tests ‘show that the hot
gas sphere is. a good representation of this type of explosion.

Cléarly the classical solution is.limited in its application
‘out is a good .Approximation whenever the :blast wave is strong.

2.2.4 Related Explosion Problems

‘The- classical point- -source ‘€xplosion préblem as treated by
Taylor, von Neumann and Sedov, is in fact a special case of a more general
explosion problem, aibeit that this, special case is- of more interest. The
initial conditions in the unshocked gas ahead of the blast wave, in-the Tédylor-
vonNeunan-Sedov problem are

o= po
p=0 (2.57)
u=90

In the completely generai case, the gas conditions ahead of the blast wave
would bé known, but arbiirary functions. While the author is not aware of

any -published attempts at this most general case (its interest would be rather
Timited) there have beenia number of other special cases that have been examined
and found to yield self-simitar flows. Sedov, for example, has. examined the
case where the initial .conditions are "

p = const r™¥
p=0 (2.58)
u=0

where, w may take either positive or negative values. He found that. the- re-
sulting flow is. self-similar. Complete results are given in Ref. 28,

Y . : - N
Schindler 2 has investigated the problem where the initial
conditions are

p = const 3
=2
p = const 1 (2.59)
u=0 )
® = const r-l
q

where, & is the gravitational potential. The flow quantities, which were
self simi%ar, were ovotained formally but not explicitly. However, the varia-
tion of shock conditions with radius was obtained and found to be

p = const r3

o = const r~2 (2.60)
1

u = const r-2

The literature contains a few other special cases, for example, variable
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denQity condltlonS'related to the- change in den31tv through the earth's, atmos-
phere., - S -

A partlcularlly importent case froin. the point of view of the
impTosion- launcher at least, is ‘the exp1031on (i.e.,. reflected 1mp1051on) in a
gaSawhere the 1n1t1a1 conditlons are -

—

N : P = const'r;ﬁ
- i -/ P
. u = const r 5/2 (2,61).
i = const
B =8(7)

The. author knows of hno: publlshed solution: for this case. This is unfortunate
since its solutlon would be of considerable value in the understandlng of thé
condltlons left at the origin by the- reflected implosion: This case is pre-
sently belng con51dered and it is expected that a report covering 1ts solation
will be forthcomlng in the very near future,

2.3 Similler Solutions for Spherical Tmplosions

An implosion retains many -of the essential features of an
explosion,. including the compréssion of the gas-and the setting of it in .moticn
in the -direction of the shock: The-main difference is that the shock is pro-
pagatlng toward: the: or1g1n with ever increasing strength, rather than away
from it in ever decieasing strength as was the situation in the explosion case.
Values of 1, which are now of ifiterest are in the range 1 < 1 < » rather than
0 <7< 1, The same thrée assumptions ‘that were made in The exp1031on case
will also yield a similaer solution for the implosion, except that unlike the
case of explosion, only a numerical solution is available at present for the
implo&ion.

The system of equations to be solved has exactly the same form
as the explosion system, only that the coefficients of a few of the terms change
to reflect the fact that the rate of change of the pressure and partlcle velocity
with radius: for an implosion is not the same as for an explosion. Specifically
the syutem of equations to be solved is

- g ¢ + (p-n)o' + §i = 0 (2.62)
¥ + (g-n)y + (v-1) £ =0 (2.63)
- 8f + (p-n)f' - 7f 7//31’- (9-7) = 0 (2.64)

which may be compared with Eqs. (2.34) through (2.36). The same boundary con-
ditions at the shock apply. Further for an explosion

6 = vy 5 (2.65)
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§ which comes from the requirement that .

-5. i ; ‘
i p~r (2,66) ]
z but. for an implosion, it has been found that -

4 6 = 8(v,y) #v. (2.67) 5
g . !
: The classic work of dembnstrating this particular point was done by'Cud°rléyh3 X
? who used g series expansion téchnique for representlng the flow near the- or1g1n :
: 6nd found the resulting fiow to be self similer. He also obtained & for y = 1.4 ;
4 for both spherical and cyllndrlcal cases, by numerical means. Stanyukovich X

- ncted in Ref. 44 that he and Landau obtained a numerlnal solution for the
spherical implosion problem in l9hh hovever, the orlglnal reference was. not
given. He gives values of § for y = 1.0, 1. b, 3.0 and. = . Uhfortunately only

- a single significant flgure 1sﬂg1ven so a detalled comparlson with the values
of others is not ‘possible. Subsequéntly ‘other valuﬁs 6f O for other cases.
and gammas havb beén obtalned numerically by Butlert? , for 7= 1.2, 1. L and
1.67 and Aiken; h6' 4 for y = 1.67., Very recently Welsh*7 has recomputed Butler's
results and investigated the -existence and uniqueness of hi§ -s6lutions. He
also calculatedy '8 for y = 3.0. These values are compiled in Table. 2.

W o T

LE st
e
o

TR "

fyye

Although no complete ahalytic solutions for spherical implosions i
has been obtained to date, progress is being made in thls direction at this s
laboratory. One general equatlon relating 9 , £ and.¥ has been obtalned which @
includes the cases v = 1,2,3 for both implosioqs and explosions. This equat;on,
the first of aset of three which define the complete analytic solution is L

LYy
v-1 (q»n)fy/ﬁ‘w 5 = const. (2.68)

A Iy S

TP 1
e
it e o

It reduces identically to Latter®s result (Eq. 2.51) for.B = v = 3, The diffi-
culty in obtaining ‘the other two seems to lie in the énergy equation, which in
3 its conventional form diverges because a similar solution exists for an im-

1 plosion only for infinite energy input. Recall that explosions.-have a finite

¢ energy input. Inplosions, by contrast do not have a finite energy condition.

Partial numerical solutions were. available for two casés of

A interest. For example, for vy = b/3 cy¢1ndrlc&é and spherical results. have
been pub 1shed by Somori, Linhart and Knoepfel ~ and Aikenlt6 and' y = 7/5 by

Guderley However, the published date.do not 1nclude much of the detailed

1nformat10n required for this present study.

it was necessary for the present problem to obtain additional

: details for the known cases and to obtain numerical solutions for other values
] of y particularly y > 1.67, which as stated previously corresponds to ex-
plosive products at high densities, and for values of 7 near unity which corre-
spond to products of combustion of oxygen and hydrogen. Somon noted that a {
singularity existed in the range 1 < % < « which made it difficult to obtain A
the similarity functions by conventionsl numerical means. For example, for :
8 = Bexact T € the numerical code produced one branch of a solution which was e
‘ non physical, see Fig., 10 . For ©§ = 6 xact - € another branch of a solution
‘ was obtained which was also non- phy51cal For & = Dgygets in principle a A
7 solution could be obtained. On & computing machine, which of necessity must )
give only an approximation to some value, this last point is not trivial and ,
b must be known with considerable precision to obtain the correct solutions P
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for ‘the 31milarity functions. The precision reqplred is primarily a funésion
of step. -size, smaller step size requiring more precision in 5. Fora step
size of ¢ of ‘03 OOl‘whlch Wwas used here; 0.1 percent accuracy «or better is
requlred to ‘produce accurate solutions for 1< 7 < 3.. Somon managed to pro=-
gram his routlne ‘to integrate through the smngularlty .although no detalls are
given- except %0 ‘note it required "considsrable effort". As, a §ide Tesult; he
obtained a. numerlcal/value of & for the .case in questlont, He: reasoned tna+
the valué obtalned wés the correct ofie because of the uniqueness of the
resulting’ S1m11ar1ty -quantities,

. It widl be shown below, that from an anlysis of the singular
behavior of ‘the imp1051on equatlons, an upper limit on & .can be- obtalned,
'which is, helpful in 1ocat1ng a precise value.

Yr

2.3.1 Behavior of the Equations Near the Singularity

. The difficulty with the integration is due to a.singularity

in the equation for £'.
. £ = f { o'q + Q[+ 7 ((V-.L)—- ..> _ (V-l)gzl-]

)2

f (2.69)
(o- 7
which occurs in the range 1 < g < o , ‘Since the: other derivatives, ' and ¢¥',
can be writtén in terms of f' any divergence in f' automatically produces
divergence in them as well. The €quation for f' has two zeros cofresponding
to points where the numerator vanishés and cne singularity corresponding to
the point. where the denominator vanishes. The denominator vanishes for

, _ 2 z _ .
Df! = (prn) - b2 =0 (2070)
which is sat’sfied for 1
= + (L) ® (2.71)
R A A 7

where the subscript ¢ refers to the value at the singularity. Since ¢, <1
and Mo > 1 for implosions, only the plus. sign has physical 51gnif1cance. “The
numerator vanishes for
. . 2
e, = - 612 + @n [0 + (v-1)y - %? ] - (v-1)e" =0 (2.72)
Solving for 1 yields
9

(2 73)

where the subscript 2,2 refers to the first and se:ond zero respectively
since generally both zéros oceur in the range L < n<® ,

An upper bound on & can be specified by requiring the two zeros
of Eq. (2.73) to be coincident. This resuits in an analytic expression for

max V’7 l-e:,
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1. 1. o
= E_ri, ° j‘“;l
Bpex = 5" (22 - »2) » (2.74)
or inﬁeiscly in terms of B

2 [(v-1)8 2 226
7 —'{ 2(vE1; -)6] . }

(2.75)-

4

for & > Opax> the equation has no real zeroés lience a physical solution-is not
possivle,

It is of interest to note that the express1on for ‘® contains
a. factor ( v-l), which for this bound at least, glVE» valués of © in- the
spherical case (v-1 = 2) .exactly twice the values of & in the cyllrdrlcal case

(v-1 = 1). This p01nt has long been suspected, as the ratio of the numericaIIV‘

obtained 08's is very nearly équal to two. EFurther for the one dimensiondl
case (v-1 = O), ise. ® =0, This requlrement makes the shock strength g-¢on-
stant; 1ndependent of r, a result which cain be derived bo other means. Oné can
speculate that this (v-1) factor will also appear in: the exact -expression for

O if such is ever obtained. It is also worth notlng that if an analytic
expression existed for the implosion problem i. €., P Q(q), £ =1f(n), and

¥ = ¥(1) then an exact value for 0 is ‘Jossible- in principle, requiring only

the direct substitution -of these relstiofis into Egs. -(2,71) -and (2.73).

In Fig. 11 the behavior of f' for values.of near the exact
value, for ¥ Z 2-are shown to indicate the cause of the divergence for the
abprox1mate value of & . .It can also be seen from the figure that for y = 2,
6> 6 4 that no singularities or zeros occur. A numerical procedure- was
made whlch while integrating the equations from 1 = 1 toward n = » noted:‘the
values of n Jor which ‘the poles and zeros occurred and corrected the value of
5. and repeated the integration startlng at n = 1 until the pole and zero
coincided to within An < ,001. ax? &S discussed above, was used ‘to aid in
the iteration. Thé results of sucﬁ e calculation are shown in Fig. 12 ahd
tabulated in Table. :2. From the figure it cdh be seén that in the region
near ¥ = 2 the upper bound and the exact numerical values are very close and .at
y = 2, they coincide, (7 = 2 has. only one zerc so for this point the analytic
repr esentatlon is exact). Hence, for 1.6 < 7 £ 2.3, the analytic relation
for ©. can be used as a good approximation to 6. From the table, one notes
that %ﬁg early value reported by Guderley is very prec1se‘cons1der1ng that it
was probably done by hand. All of the other values, except Stanyukovich,
were obtained using computing machines, and agree among themselves to very high
precision. The single exception is Stanyukovich's value for y = 1 which at
0.7, disagrees markedly with the vanishing value determined from the present
work, but does appear to agree with the present value of Opaxe It.should be
pointed out that "rounding off" errors in the present machine program does
introduce an uncertainty in the values of & for y < 1.2. However, a complete

reversal of the trend with y would be required to obtain Stanyukovich's value,
an unlikely possibility.

A piecewise numerical representation of the present numerical
results, which is good within 1.0 percent is

= A(y-1)"
vhere, A=1,0000, m=0.234 1.6<7<2.0 (2.76)
A=1.055, m=0.296 1l.2<7y<1.6
A=1,080, m=0.323 1.1<7y<1l.2
19
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25 3 2 Rﬁmerical Solutlons of the Class1cal_Imp1031oniEroblem

With preglse values of & available for a wide range of 7,
numerical‘solutlons T6F £, 9P and ¥ could now be calculated; using the method
Taylor applied to the explosion problem, Foz»example,’know1ng the values at

«««««««

" 9 = ) from the shock cofiditions; Egs. (2.40) through (2.42) and rearranging

Eqs. (23 62) through (2.64) to obtain the derivatives. explicitly:

L mee(ea )

o (9n)? - 5 _
¢t =22 (2.78)
®-n )
gt = =(v=1Y9/n - 49" (3.79)
? -'ﬂ'
the numerical integration .could proceed from the shock front fioward n = .

A numerical -code:utilizing the .above was wrltten, using a stép size of O oclL

for < 3, and progressively larger values for 1 > 3. This step size was
arrived=at a8 a practical compromise entailing computlng tire considerations

and accuracy after trying a range .of values., The results are plotted in- Flgs.

13, 14, 15, 16 and 17 for values of y = 1.2, 1.4, 1.67, 2.0,,.and 3.0 respectively,
for v é 3.. The values for y = 1.2, 1.4, 2. O and 3.0 -have not been published
previously. ‘Complete graphical -and tabular results for an extensive range of

7 is expected to be published in the near future.

i The prroperties of'the implosion wave can be seéen clearly from
the figures. The conditions at n = 1 are fixced. by the shock jump requirements

{Egs. 2/40, 2,41, .and 2.42). Initially the pressure behind the shock increases

as ‘1. increases, then~decreases to asymptotically approach the value
£=1 (7) 70 (2.80).

For values of gamma nearest unity, the increase in the pressure behind the
1mploding Wave is greatest, decreasing as gamma increases. For y »~ 2.57 the
slope of the. pressure profile at the shock has vanished i. e., £'(1) = 0 and
fory>.2.57, f£'(1) < 0, hence the pressure begins to decrease immediately
behind the shock with no peaking. The velocity behaves in a somewhat analogous
fashion, except for the peaking, decreasing monotonically as n increases. As

n becomes large, ¢ asymptotically approaches the value

0 =q_(n 72 (2.81) '

The density, contrary to the explosion case, increases:behind the shock for
all values of y less than infinity, approach, as 1 - ®

v=y(7) (2.82)

Note that not only does {y -~ as y =1, but also ¢&/¢ -0 ags ¥y - 1l. Values
of £, ,wm and 9, are plotted as functions of the ratio of specific heats in

20
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Fig. 18 and are tabulated for comnveniénce in Table 3. The only other values,

of these quantltles that have been publlshed are values of ¥ for yo= L.67'
from Ref. 48 and for 7 = 1, 1.%, 3 and- o from Ref. 4, wiich g}e 1ncludea in
Table 3. They are .essentially in agreement w1th the present results, w1th

the exception -of Stanyukov1cn s. value for ¥ = l which &8 noted previously - also

gave a different value for 6. He dbtalned w(m)/w(l\ = 2,72. The presert

work gives () /(1) =

Aw important feature of implosions is that: the thermal_api kin-
etic energy per unit volume after a transient reglon, ‘decregses’ as: 7% Thls
rate of decrease with n is fot sufficient: to: .nake the. total ‘energy,, wnlch is

s N
f ((7-37 "5 > i : (2.83)

w
— L

bounded, hence 1y total energy ¢an be specified: in the classical implosion
»problem, unlike the ¢lassical exp1051on problem which contalns e fixed amount
of energy. The ratip-of internal energy to kinetic energy between £he shock
front snd a .shell at 3 is given, by

fim e |
= . (2.84)

b
J 1

-given by

2

19

This ratio starts at the shock front with a value

A =1 for n=1 (2.85)

for all wvalues of the ratio-of specific heats and all valués of Vv since 4t is
essent1a\ly 2 cohsequence of equipartition of energy behind the, shock; and
because of the asymptotic behavior of f, ¥ and ¢ , which dominates the integral
and negates. the contribution near the shock. front, the ratio approaches a
constant as n —»w . '
2 f
A =
o™ 7(-1) 9.9,

The ratio of internal energy to total energy is a quantity which will be of
use later. It is given by

for n oo (2.86)

A= (2.87)

Because A increases from unity to asymptotically approach A, as the integration

proceeds from 1 = 1 to np = o , A also has the same behavior going from A = 0.5
at the shock front to A (7) as 1 - . Which value to use in a particular

..

Lo v et

et e e e e B 52
R

—— s~

problem will depend on Vhether n is clearly large , iln vhich case A, is dirtated %

or if is known, as a function of r say, in which case A based on A from
Eq. (2. 83?x1s to be preferred.

21

wes e T

o g o = 2 e ¢ - - - e e
- . e A  and



R T
sy

-
s

i

L

1

-

*

[} 3
by
33

H

-
I

2vh. i@plosion,in'a Ephere

-« . 1In ‘the preceding ‘sections it ‘has been shown that the self-
‘sicildr imp1051on problem is solved in the sense that thé self-similar flow
properties are known for all imp1031ons. While these self-51m11ar solutions
*are:very helpful in giving insight into the implosion phase of the problem,
theze ‘are- many- addltlonal features of the particular préblem of an implosion
in51de & sphere, whlch are not available from the ¢lassical solution. For
exampl e, the. cla351ca1 ‘solution shows that the velocity vanishes at infinity..
For tne lmp1031onr1n a sphere¢:, the velocity must.vanish at the wall. Further,

Wbl;e the class1cal solution -does. not permit ‘a 11m1t on the total energy, the
total energy for an 1mplosion in-a sphere is both fixed and flnlte. The dy-
namlcs of any, dr1v1ng gas, for instance the prodicts of detonatlon of thé- explo-

sive: for uhe case et ‘hand, which are driving the implosion, are not accountedrfor
expllcitly. Also, the later hlstory, such as the reflection from the orlgln,
the. reflectlon from the sphere.wall and subsequent cycling, are not available
from, the class1cal theory in. its present form, Of all the limitations of the
classical imp1051on, it 1s,felt that the 1nfin1te total energy. is the most
ser:l.ousl,l and’ an effort to account for this in an approx1mate way is made in
Sec. 24,1

An effort ‘has been ‘made by the author to obtain an exact self-
similar -solution fov ‘an 1mplos1on in a sphere, as yet unsuccessfully. The
main. task is to £ind an -analytic representéation for the "finiteness" of the
1mnlos1on wh1ch would\al;ow the reduction of the nonlinear partial differential
equatlons tO\o*dinary differential equations. To date none has been found
although & number of dlfferent functlons have been tried. While it cannot be
stated conc11sive1y xhat a self-similar solution does not exist, the possibility
of ex1stance of a 3olution does not look too promising at this tlme.

in the following section, an attempt will be made to construct
a ‘model -which::approximates- the character cof:ar implosion in a sphere by account-
ing for the finite.energy input, while retaining a self-similar-like character
for the flow. This model will then be: examined to obtain as much- useful
information as possible, particularly as it pertains to the Jlauncher problem,
as well s to- determine the limits of thé models usefulness. The results will
be compared witii the results of numerical experiments for several cases of
implosions ih spheres. The agreement will be seen to be generally satisfying
although several points are not treated rigorously.

2.4.1 A Model of an Implosion in a Spherec

Consider the case of a sphere of radius R, containing a gas at
rest. On the inside surface of the sphere is assumed to be released, uniformly
and instantaneously, an amount of energy Etotgl, Or an amount of energy per
unit volume of sphere Ey, where Ey and Eygtg)l are related simply by

Etotal

= (2.88)
EV "3‘ T Ro3

The energy originelly contained in the gas at rest is assumed negligible ccm-

pared with E*otal In Sec. 2.3.2 it was noted that the total energy per unit

volume behind the imploding shock approaches a value given by const x (r/rg)”

or r/rs large. It is assumed for this model that the energy per unit volume

distribution behind the imploding shock is given by
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vhere €peak is just the»value ‘of the. energy immedlately behind the shock front.
This is equivalent to. taking the pressure, particle velocity and~density dig-

£ributions given by Egs. (2, .80),. (2.81)..and (2. 82).

We :agk, what.-are the absglute values of ‘the energy profile behind
the .shock as the shock implodes toward origin? Conservation of :energy re-
quires that this energy distribution, integrated over the entire spherical
volume, be equal to Eyotels that is to say:

3 _
‘*7’ peak<) Beotal = Bv 3T R, - (2.90)

By straightforward integration the peak energy density is determined to be:

3.5 Brotgl  (¥/By)

€ = \ (2.91)
peal by Rod  1-(ry/R)3

~ -6
o =38 5 (r5/Ro)

€ = — {2.92) 3
Pk 3T 1(rg/R)T

(In passing, nots that if this had been done fof an arbitrary value:of v ,
there would have been obtaired. instead

_ v-b (r /R
epeak T l- s/Ro)v- ) (2.93)

It follows that the energy profile at any position r, for rg < < r <R, I8

r/R
§§§ E, ——SJé-nz-§—6~ rg < T <Ry (2.94)
1-(rg/R,)

€ =

e et

Equation (2.92) has singularities at r, =0, énd Ry and a minimum at
1/:8) ,,
(2.95)

The behavior of Egs. (2.92) and (2.9%) with r and 6 cen be seen in Figs., 19 [f
and 20 where they are plotted for 6 = 0, 1 and 2, in linear coordinates and 1
log coordinates respéctively. It can be seen :rom the figures that the i
assumed profile has a very strong influence on the magnitude and bhape of the )
peak energy curve., The peak values increase && the profile becomes -more s
peaked i.e., as B becomes larger. It can alsc Ve seen that relatively low
values of peak energy are obtained during the wide "mid"-region when r ~ /2, 1
and that the highest values of energy are concentrated at the sphere surface
and in a relatively small:region r/R ~ 0.1, around the origin. While the
logarithmic plot shows clearly the asymptotic behavior of the pzak energy
density, the linear plot is included to show graphically the very limited
region over which the high energy densities exist.
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__ However,. pressure rather than.energy is the quantity of interest.
In Sec. 2.3:2 it was: stown that the ratio of internal energy to total energy

for -a-self-sidilar iiplosion approaches a constant A for 73w . If a

caloric fei;uat,é’xi ‘of state is assumed‘i.e.,

(2.96)

_’eint "D

where e; . 'is the internsl energy per unit mass, and combining Egs. (2.87),
(2.94) and. (2.96), the pressure can now be expressed in terms of r and r; for
the initial conditions R, and Ei,4q; (or By) -

' (x/8g) "
" Kb : . ) 0 s
P = =(y-1)A Ey ————3=x (z.97)
3 1-(rg/Ro)>°

It £6llows that the shock pressure as a function of shock position is

~ - -6
o B as, L2

(2.98)
Vo1 /R )30

Ps

) Knowing the shock pressure as a function of position, it is
possible to determine the time required for the shock to move from r = R, to
T = 0, Assuming a strong shock, Eq., (2.9), and using the definition of Mg,
the peak pressure and shock velocity' are related by:

Combining Egs. (2.100) and (2.101) and integrating, the time required to reach
a point r is given by

p -
S g2,
B =4 Us 8 (2.99)
Combining Egs. (2.98) and (2.99) to eliminate pg, gives
(rg/R)° B
)
U= {Zg_l. .(J_é_l).A By 355 Ts/Pos = } (2.100)
8] Py le(rg/Ry)"
But
3 8
=2 —EE = Ué(rs)
¢ (2.101)
é or
drg
‘ Ty "%
3

T

) 1
t = r 1 [7"1 1) A Ey 3.5 (rs/Ro) ]‘ad11
a7 27 Pl 3 l’(rs/R°)3-6 <4

(2,102)

(o)
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hence the implosion phase time, timp,,is given by

1

R P,
_ o . by 1. \
fimp T 3 [ GG E, ] o(8)

where \E -
4(5) f { (1-£33 ca}a at (2.103)

and

';UlmH

t =
>

(o)

®(6) is tabulated in Table 7 and plottedi in Fig, 21. It is seen
to take values between 0.4 and: 0.6 for values of 6 of cdmmon interest. It is
also worthwhile to determine

KCSEE

£ = —— (2.10k4)
¢(6)

‘for values of {, since this gives the details of trajectory ia the non-

dimensional r-t plane. Equation (2.104) is plotted in Fig.. 22 for y = 1.1 and
3. Note that there is very little difference between these twd curves. 'The

‘slope of the curves wvanishes at r/R =1 indicating infinite veloclty at the

sphere surface., The imploding shock wave then slows down and traverses most

of the sphere at nearly constant velocity, increasing in velociﬁy again as

r/Ro — 0, reaching the origin with infinite velocity. As a rough approximation,
a linear fit i.e., r = Kt, could be assumed for most of the trajectory.

Since the array of constants inside the square root bracket of
Eg. (2.103) are essentially all functions of y , which is held fixed for any
given calculation, they could be lumped together in a single constant, simplify-
ing the time for implosion expression to: '

K(7) ——-(m"> (2.105)

where % ;
- | 2 3 11
K(7) = [ 1 37 71 A] ) (2.106)

H
If the problem under consideration is such that a single value of y is suffic- %
ient to characterize the entire flow then values of K(7) shown in Fig. 23, can %
be used. They show that K(,) decreases with increasing 7 and is singular at g

= 1. The values of K(y) calculated lie in a straight line when plotted in ;
logerithmic coordinates. The curve ;

K(y) = 0.795 (7-1)~0-7°7 (2.107) |
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can be used to fit the calculated points with good :precision. (For some pro-
blems,. as wiil be dlsrussed in the next sectlon, a single value of 7 does not
character;ze the Probiem and Eq. (2. 106) is no longer appllcabTe )

Before leaving this Section, the limitations of this-nodel
should be p01nted out. By assuming that the limiting similarity prof11es
hold the details of the flow immediately behind the shock front are obscured.
More 1mportantly the three conservation equations are v1olated there, hence it
should be clear that this. is not a rigorous model. Further the finite velocity
at the sphere surface bas not been accounted for. Initially, when the shock
front. has propagated only a small-distanceé from the sphere wall, the error
from this source will be very lurge since the high pressures in this region
imply high particle wvelocity at the spnere .surface, which is physically
unacceptabl s (except for spécial cases like detonating explosive liners).
Later; as the shock approaches the origin region, this error will decrease
consmdnrably but will remain finite. The only justification in allowing these
physical ingonsistanciés, is that to remove them would require discarding the
model,. However, thé region of prime interest, i.e., near the origin, will be
least affectéd by these limitations. It is fglt that to discard the results
obtained from the model because of these faylts, would be & mistake, especially

»when, as' will be seen in the next section, this model gives very good predict-

ions for cycle time, trajectories and peak pressures and particularly, since
there is nothing better to replace it with at present, It is hoped that
further work on the implosio~ in a sphere problem will subsequently improve
this situation. )

2.5 DNumerical Experiments of Implosions in Spheres

It was recognrized early in the program that fairly extensive
numerical experiments would heve to ba performed to provide the details of the
dynamics of the flow inside the sphere, particularly since there existed at
that time, no body of knowledge either theoretical or experimental for explo-
sive driven implosions in a sphere. Dr., H.L. Brode of the Rand Corporation,
who has made many significant contributions in the field of numerical calcu-
lations of finite source explosions using detailed equation of states, was
contacted and agreed to do several implosion calculations based on parameters
thought to be representative at that time. His numerical scheme is very
comprehensive and complex bu: in its essentials, integrates numerically a set of
finite difference equations derived from the non-linear partial differeniial

equations of mass, momentum, and energy in Lagrangian form. These are 34,35
. l_l 6r3_ 3
mass 53 on =V (2.108)
ou_ o9
momentum: ST - (p+q) (2.109)
energy: g% = - (p+q) %% +Q (2.110)
where,
u-—-a-—I_‘
T ot
1
m = § P Ro3
26
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and R_ is the initial position of the Lagrangian eurﬁace,\W1th an equatlon of
state, .

e=e(Tyv) p =p(T,v) o
or . (2.111)
‘ p= ’P(“esv) T= T(eszv)

subject to prescribed boundary conditions. Implosionsand exﬁloélons can be.
handléd with equal ease with his code. The discontinuities at the shock or
detonation wave fronts are -smoothed out and made amenable to flnlte dlfference

calculations by using the artifical viscosity technlque .of von Neumann and
Rlchtmeyer39

Detailed calculations for three caseshg coverlng ‘a spectrum of
values. of. parameters were done. They include the following: Case 1. This
case is the most representatlve of the prototype in terms of .ges initial pressures
and explosive yield. A :sphere of radius 2% centimeters was assimed filled with
a mixture of 2Ho+0o+7He at 100 psi and lined with a O. 1 inch lajer of TNT. A
gamma law gas was assumed with 7y =1, 67 A real gas calculationi.for this mix-
ture 8t 100 psi. gives y = 1.26. for conditions immediately ‘beliind ‘the detonation
wave hence care must be taken.in the 1nterpretatlon of the results espec1ally

for phenomena where gamma effects are pronounced. The: equatlon of state for
the gas was taken as

=
L}

19.5495 T

13.033 T/v

? is in 207 Okeélvia

v is in cm3/gram (2.112)

p is in lolo'ergS/ch3
010

ko)
1}

where

E is in 10™ ergs/grem

A detonation wave velocity of 2.70 mm/usec was programmed. It is ~ 30 per-
cent lower than the accepted réal gas value (3.87 mm/psec) Y The TNT liner
was assumed to have a den51ty of 1.5 grams/cc. The numerical representation
taken for the exp1051ve was

=3
B = l273X lOb' T p o+ 1200 02

8.5 x 10"+ T
6 TS 2 .
__2.55 T_{ }, }: i
p = —— 41+ asT
- v whoam r’ ) ot
where a = 1.14966 (2.113)
‘ 8) = 10.9575
ap = -288.237
a3 = 2343.39
8, = -7799.83
a5 = 9236.55

where, E, T, P and v are in the same units as in the gas equation of state.
This relation follows somewhat the TNT calculations of Jones and MillerSl with

a7
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modlflcat1ons.37 A .detonation wave veloclty of 7.2- mm/psec was programmed and
an energy yield .of 14,6037 x 1010 ergs/gram (1.095-keal/gram) was assumed; Out-
put detalls are available from the instant of 1n1t1at10n at the origin through

.one. - complete chamber cyc1e>but terminate two output cycles after implosion,

‘as. shown schematlcally in Fig. 2k, This was unfortunate since the condltlons
at the orlgln, after the 1mp1031on, are those which determlne the. launcher per-
formance. Hence, while the’ chamber- processes are available in considerable
detail, the  complete outputs necessary for computlng launcher performance are

not. It is ‘necessary to assume that the same type of behavior after implosion
hclds for this case, as was obtained for the: other two cases. .In short this
case is an accurate explosivé model with a gamma law gas model, for a representa-
tive. inltlar)preosure. The radius chosen is .a factor of two largér than the
present prototype. Case 2°.. A sphere of radius. 20 -centimeters was .assumed
filled with a .stoichiometric mixture of hydrogen and oxygen at1000 psia and
lined with a 0.1 inch layer of COMP B, which is. the\accepted nomenclature for
a-60/40 wixture of: RDX/INT. The eqnatlon of state taken for the gas was
\essentlally an extrapolatlcn of the real gas calculavlons of Moffatt?2. The
numerical representatlon used was

2
- 6.57pv + 40BN, [6.101 x 1073 In —LE— -
11%0.0 + (pv) 1.013x10

0.2325 x 10'3]
(2.114)

Q
1

0 for pv< 1,0465
8600 pv - 9000 for 1.0465 < pv-< 3.488
21.0 x 103 for 3.488 < pv

where

Temperature ‘was not calculated, but presumably -could be-obtained from other
btate variables. A:detonation wave velocity of 2.7 mm/usec was programmed
which agrees. reasonably well with the accepted value of 2.9 mm/poec.so The
density of the explosive liner was taken as 1.5 grams/cc. The numerical re-
presentation of the equatlon of state for COMP B was taken as

"y
p=<o.01+1.77§ > oF
N 0.03125 + p

.. e _ (2.115)
hs 23 + SOX
91 91.14+x3
where
x = 10(v-0.4)

A detonation wave velocity in the explosive of 8.0 millimeters per micro second
was programmed and an energy yield of 4.13 x 1010 ergs/gram (0.989 kcal/gram)
was assumed. In short, this was an accurate gas and explosive model for a gas
loading higher than what is presently anticipated and with & chamber radius &
factor of two larger than the prototype.

Detailed results are available from the instant of ignition

through one complete cyecle, through the collision of the reflected imploding
wave with the contact surface and the subsequent implosion of the wave reflected
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from that collision, or nearly two complete cycles. Case,3. A sphere sof
radius 10 cm. :was assumed filled with a mixture of 2 gamma law gas (7 5/3)
The composition was assuméd to be 2H2+O2+7He and.«ah equation of state:identical
with that used in Case 1, was used. No explos1ve was programmed. )

Detailed results are ava;]able from a time, -slightly after the
refiection of the outward propagatlng Jpherlcal deconatloﬁ wave with the spherical
surface, through a reflection at the ‘origin, to.after the reflection from the
spherical :surface a second time- and propagation to r ~ . 25 Ry, i.e., in all a
little less than one and one- hglf complete cycles, Less detalled graphlcal re-
sults: for a few parameters are available for sevéral cycles.

The initial conditions for these three cases are summgrized in
Table 5 and the range\of the outputs are shown schematlcally in Flg. Ph The
output consists of 460 pages of computer-printed materiasl including, at fixed
instants of time, the following quantities: cell position; veloc1ty, mass,
internal energy, temperature: -fexcept for the gas in case 2), density. pressure,
kinetic energy, an artificial viscosity parameter as well as a number of
indicies concerned with the internal .machinations of the program such as
stability conditions etc.

The results of these tliree cases, which can accurately be called
"numerical experlments , contain a very large -amount of useful and revealing
information and have been of inestimable value in the understandlng of the
wave processes inside the chamber, These results will now be examined in de-
tail, starting with the general trajectories, then progressing through the
character at the explosive-metal interface, the implosion phase and its subse-
quent reflection and the conditions left at the origin by the reflected im-

plosion wave, Vo uncover the physical principles governing the behavior of the
waves.

It is very important to keep in mind in the discussions that
follow, the fact that the artificial viscosity technique was used in the cal-
culation of these numerical results. Its inclusion, while making the results
possible, introducer & spreading out of the steep fronts, and a subsequent
reduction of peak quantities, It is imperative to keep these points in mind
in order that phenomena which can be properly classified as "computational
effects" can be separated from the true physics of the problem.

2.5.1 Pheses of the Implosion Driving Cycle

In order to obtain a suitable perspective, the various phases
of the implosion driving cycle will first be examined in the large., Consider
Fig. 25, which is a plot of the major wave front locations as & function of time
as obtained from the numerical printout for the simplest case, Case 3 - the
gas case., A gaseous detonation wave, denoted by D, which was initiated at the
origin, propagates outward and reflects from the sphere wall at r = 10 cm. An
imploding shock wave denoted by S, .. then propagates toward the origin, increas-
ing in strength and velocity as noted by the curvature of the trajectory near
the origin. It then reflects and propagates outward as an exploding shock
denoted by Sgyp. The shock subsequently continues reflecting and imploding
ad infinitum until dissipated. The character of the cycles is very clear for

this case as, unlike the explosive driven cases, only one gas is present in
the chamber.
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Consider next the INF ariver case - Case 1, shown in Fig. 26,
The trajectories are somewhat similar to the last case, exéept that the expis-
sive-driven, imploding shock, as evidence by its graater velocity, is very
much strongex. Further; a contact surface seébarating the driven gas from- tne
products of detonation of the ekplosive, now appears. It is of interest to

‘note, that t0 2 very gdéod approximation, thé contect svrface is wmoving ab

nearly constant velceiby.

*The first of many "computational effects” is seen in this figure.
It appears that the explosive detonates about 9 microseconds prior to the
arrival -of the gasecus detdnation wave et the explosive surface, which is

" physically impossible. 1Ir the caleulaitions, it was assumed that the detona-

tion wave in the explosive initiated after e threshold pressure was reached

at the explosive-gas surfece, The delonation wave then propagated toward the
wall at constant velocity. Plotted in the figures as the "detonation wave
location" ere the loei of the meximum pressure points of the gaseous detonation
wave, As the artificisl viscosity spreads the pesk oui over several zones,

the pressure profile actually extends several centimeters ashead of the maximum
pressure lcecation, The threshold pressure chiosen was such that the reflection
of the leading edge of the wave was sufficient to reach it,hence the detonation
wave in the explosivé dinitiates prior to the arrival of the peak of the gaseous
detoration wave. In rétrospect it would have been betier to have nad a higher
threshold pressure to produce a more reaslistic timing. However the pressures
generated at the explosive: gas interface were not known, a priori, and e low
enovigh value was chosen to insure that the calculation of the detonetios wave
would proceed. It should be carefully ncted that this is a computational effect
and has no resemblznes to the physical situation in a real case. ¢ 7ill be
shown in fact, in Sec. 4, that just the reversé happens. The gaseous detona-
tion wave reflects from the explosive and begins provagating toward the crigin.
After g delay, of %ypically several microseconds, the explosive detonates.

The ‘detonation wave then propagates through the expiosive and colliding with
the chamber wall, reflects as a shock, moves tack through the expanding gas
products and overtakes the shock that is being driven aneed of the explosive
products. This occurs in a time scele, small enough that the details would be
obscurred here. Ta preciice, one can assume neacly instantaneous initilation
of the detonetion wave with little crror, The combined shock wave then
propagates towsrd the center decaying first as the finite energy of the explo-
sive requires r™* decay and then increases in strength ané velocity as ‘the
shock wave becomes truly & sphericzl implosion wave, Reflecting from the
origin, it moves into & strong counter flow. The cazlculations wers terminated
shortly aftsr reflection for this case so the details of the subsequent flow
are unknown.,

Plotied in Fig. 27 arc the results of Case 2 (1000 psi - COMP B).
For this case the calenlabtions were extended in time and the details of the
later flow are evident. The reflected implosion wave propegates outward to-
ward the wall, but collides with the conbact surface, which has been follow-
ing the imploding shock. This collision generates a transmitted wave, which
continues towerd the wall, and a reflected wave, wrich returns to the origin.
Another wave whose origin is not clear also appears in the flow, Whether
this wave is a "computational effect" or a physical fact cannot be determined
from the present data. Tt ghould be noted thabt “computational effzcis" sre
evident at the time of the initiation of the explosive as before, and at the
intersection of the rerlecitsd shock and the contact surface in that the two
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"peaks" never cdll dé % whould also bc noted, th3£ Lor the bulk of its
trajectory, the cuntact purfagg toves aﬁ hearly constéhpngeloc1ty. From one
podnt of wiew, tha intenior gas in ah. explosive driven c&ﬂg is being driven by

e nearly eqnsveqt velocity, Spherically imploding pisbon,‘a}\ will, a priori, be
sxpected, te belvive &it?erépk@w Srqm »he'ﬁsﬁal free (undr1Ven \Jmplosion wave
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.. It 1s of inma:asn to hnow,th! dqtallg of the behav1or of the
fhow at the lﬁ@qsiveamzh.l'inier 4o, 88 40 underktanding of the prbcesscs
inyolved will allov estimates t# be tadg of the. 1oadin§ at the wall ‘and 1n\\
turn pérodl ‘retional estimates’ $o be. qhde~qﬂ the -depth of plastlc flow, say
for protective liners. Further,thgse ywogessea demlnate the dynamlcs of the
imploding #hobtk 4nitiglly. - :
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The pressure-t:ne nistcries at the 1nterface for. the ‘two explo-
sive cases are shown in Fig. 28. %rom the figure 1t can be seen that the thin
layer of explosive behaves as if it were in a one-dimep ;§onal frame, i.e, the
pressure at the explosive-metal interface varies as t™< as predicted for
the origin conditions by ideal plane explosion theory. Deviations from this
behavior are due to the fact that the data are for a finite-source, plan€ explo-
sion rather than the ideal plane explosion. The most serious deviation from
the ideal theory occurs for Case 2, fop times less than one microsecond. The
pressures et © ~ 0.] usec are ~ 2 x 10° psi and then the pressure falls rapidly
to adjust to the t7</2 . law. This behavigr is to be expected since the
pressures for & finite source explosion are limited, for vanishing times, to
at least less th gn thcse produced behind & reflected detonation which for this
case is ~ 6 » 10Y psia. For an ideal explosion the pressures approach
infinity as t epproaches zero a situation which cannot occur in reality. For
times large enough that the details of the source of the explosion are obscured,
the behevior should and does approach that of the idesl source. At shorter
times, a transition type behavior, connecting in a smooth fashion the maximum
pressure of the finite source explosion with the ideal curves is expected and
observed. Recall this type of behavior was alsc seen for finite sources in
the spherjcel case, (see Fig. 9,for example).

One also notes from Fig. 28, that the two ideal approximations
to the curves are spaced apart by a factor of ~13. For an ideal plene
explasion, phe nbsolute pressure as & function of time, is given by

E
p = K ﬂ%ﬁ %/3 (2.116)

f.e., the ‘préssure at b given instant of time varies directly as E l/p .

For the tyo cwses Unddr consideration a representative value of p 1s glfflcult

to deterubne exactly, since the density profile varies over the outer half

of the spbere. fhe denefty in the ¢ tew region well ahead of the imploding
shook ie, for Cuse 2, p = 1. 38 % 107 gpams/ce, and for Cage 1, p ~ 1.2 x 1073

grams/oc. 48 poved in Beq. 2.5 ihe explosive energies as for the two cases

ars slighdly different (by & fgctor of 1. il), therefore the two curves should

be spacaed a@amt by @ factor of 11.8. The measured spacing is 13, approximately
10 percenj; greater. Consideripg the differences and noh ideal nature of the
two cases this disagreement is reagonable.
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In retrospect, the fact that the explosive does generate a
plane type of flow is not surprising, when one recalls that the thickness of
the explosive is very small compared to the radius of the sphere. For the
above. cases

: .254

2
= -z ! \
60 - 1.27 x 10 ) 12.117)

tdlﬂ:

o

If the thickness of the explosive were increased tenfold or more, one would
expect phenomena et the interface would take on more of a spherical character.
However it is doubtful that explosive lirners greater than ~ 0.5 inches will
he used in practice. :

o The effective value of gamma of the explosive products, which
will be used subsequently, can also be determined from the data. In Fig. 29
the variation of pressure with density is plctted for the expanding products
of detonation of the TNT and COMP B explosive liners. The slope of the curves
in this plane is the effective gamma of the explosive at that state. Gamma
in this sense is not the ratio of specific heats but rather the isentropic
2xponent, a characteristic that relates the pressure and density in the eguation

¥

p=const p° (2.118)
From the figure it can be seen that the accurate numerical description used in
the calculation of the gas state of the products of detonation of the explo-
sives does not permit a single value of gamma to he assigned to the explosive
over the range shown here. The slopes vary from a mirnimum of approximately
0.6 to a maximum of approy'mately 2.0. A rough approrimetion for the range
shown would be Yo 1.2, gg gﬁplosives at very high densities, isentropic
exponents of the o der of 3 are nol uncommon. Clearly this is not the
case here. The important points that are made are: 1) that gamma is not
high, but moderately low (y ~ 1.2), 2) gamma is not constant. These two
vpoints will have a strong bearing on arguments made i< the next section.

2.5.3 Implosion Fhase

After the explosive detonstes or the gaseous detonation wave
reflects from the outside w=ll, an imploding snock wave is generated which in-
creases in strength as it approaches the origin. During this phase the condi-
tions at the origin ahead of the shock wave remain constant, the high pressures
and temperatures which act on the projectile occur after reflection of the
imploding wave. Hnwever, an understanding of the implosion phenomena is a
prerequisite to the understanding and prediction of the origin conditions after
reflection.

While all of the gas properties are changing simultaneously
during the implosion, for purposes of orgzanization, the pressure, density and
temperature profiles and history and the trajectories will be discussed
separately in that order.
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Pressure Profiles

Classical implosion theory, which does not include_any finite
radius effects, predicts that the peak pressure should vary as r’a. The actual
peak pressures attained in the imploding wave are plotted in Fig. 30 as a
function of radius for the three cases. For the explosive cases, it is seen
that the pressure drops several orders of magnitude during the first few centi-
meters of inward travel as the effects of the finite amount of energy in the
liner are felt and planar flow properties predcminate. The pressures then
begin to level off approximately midway between the outside wall and the origin
and then approach a self-similar type of behavior as they implode toward the
origin. A somewhat similar pattern is followed by the gas case, except that
the very high pressures generated at t1e outside wall by the explosive do not
exist. TFor the gas case the slope of the peak pressure curve in logarithmic
coordinates approaches a value of 0.905 during the latter part of the implosion
phase as predicted by the classical implosion theory for y = 1.67. This is to
be expected since no exterior driving force is present in the problem and the
origins of the imploding wave become obscured near the sphere center.

The explosive driven cases behave quite differently. In the
absence of any external driving force one would expect the limiting slopes to
be 0.9054 and 0.5719 corresponding to y=1.67 and y = 1.14,(see Table 2),
for cases 1 and 2 respectively. It is seen that the slopes are both 1.21,
which if taken literally corresponds to y = 4.0. Wh%%e some explosives do
behave initially as 17 gamma were quite high (y ~ 3)72» as the detonation
products expand, y decreases leveling off at values near y ~ 1.2, It was
shown in Sec. 2.5.2 that even for the densest regions of the TNT and COMP B
liners, gamma never exceeded 2. Clearly the observed behavior is not dependent
on any gamma effects of the explosive, and is independent of any effects pre-
dicted on the basis of the gamma of the driven gas alone.

It is hypothesized that the cbserved behavior can be ascribed
to the effects of an "imploding piston". Recall from Figs. 26 and 27, which
showed the trajectories of the shock and contact surface, that, as a first
approximation, the contact surface separating the driven interior gas from tne
driving products of detonation of the explosive, moves at nearly constant
velocity. This surface can be considered as the forward face of a piston moving
at the contact surface velocity, since there is no mass flux across it. It is
to be expected that the flow produced in front of an imploding piston would
behave quite differently from the flow produced by a stationary piston, in
much’the same manner that a spherically expanding piston produc:s a flow that
behaves differently than the classical explosion flow (effective piston velocity

0). (The spherically expanding piston problem was also sclved by G.I. Taylor ‘).

Unfortunately, to the author's knowledge, the spherically contracting piston
problem has not been solved. Its solution would shed much light on the dynamics
of the implosion wave in the cases where explosives are present.

Also plotted on Fig. 30 is the predicted values of pressure cal-
culated using the "implosion in a sphere model", Eq. (2.92). For the gas case,
O is taken as 0.9054 as suggested by both clas.ical implosion theory and veri-
fied by the numericul experiment. It is seen that the comparison in the gas
case is very good and that the model does allow the prediction of the peak
pressure profiles. For the explocive cases the use of Eq. (2.92), is not valid
since there are Lwo gases with different properties to be considered. However,
the shape of the profile can be predicted from the terms in Eq. (2.92) contain-
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ing rs/Ro only. O was taken to be 1.2), as obtained from the plot itself,
and as can be seen from the figure, the profiles based on this value of
show rather good agreement with the data.

If the remaining terms in Eq. (2.92), containing gamma effects,
are evaluated based on the gamma of the driven gas, and a comparison is made
of the predicted and the numerical results, then the agreement is not very
good, the difference being factors of 1.34 and 0.35 for cases 1 and 2 respect-
ively. Basing gamma on an effective value of gamma for the explosive pro-
ducts, (7 ~ 1.2) is also unsuccessful,

Better absolute agrcement might be obtained if an effective A
based on a weighting of the two values of y is defined, and a different repre-
sentation for the explosive products taken, reflecting the fact that the
explosive products undergo an isentropic expansion process rather than a shock
process, hence the ratio of internal to kinetic energy will be quite different.
It can be concluded that the "implosion in a sphere model" is a good representa-
tion of the peak pressure-distance profile and absolute values of pressure
for cases where a single value of y can be determined. For cases where two
different gases are used, the snape of the profile is predicted well but an
empirical relation must be used at present to predict absolute values of
pressure.

It is also of interest to examine the pressure-distance profile
et a fixed instant of time. Classical implosion theory predicts that the loci
of the peak pressure with distance varies as r'b, and ghat the pressure, at a
fixed instant of time, also varies with distance as r~° , (see for example,
Eq. (2.66) and (2.80)). 1In Fig. 31 the pressure is plotted versus radius for
the gas case, for several instants of time. It can be seen that the profiles
are not as well predicted by the classical theory or the "implosion in a sphere
model" as were the peak shock pressure profiles. For the earliest instant of
time plotted, (t = 39.48 usec), the profile is decidedly unlike a classical
profile and in fact is representative of a plane wave profile. A direct com-
parison of this profile with a plane profile cannot be made, since the shock
is not strong (po/p; ~ 2.5), and the effects of the detonation wave profile,
which extend to r/Ro ~ 0.5 are most pronounced for times shortly after re-
flection from the outside wall. At a later instant of time, (t = 51.38 usec),
the profile is achievigg 8 classical like shage'but it has taken an asymptotic
vehavior of (r/rg)~1-00 rather than (r/rg)-+995% predicted by theory. At the
last printed output before reflection (t = 54.U45 psec), the profile is
definitely self similar, in the sense thet the asymptotic slope remeins un-
changed from the previous slope and the near shock values are becoming more
classical-like in appearance. In short, for early times the profile is
decidedly planar. At later times the profiles take on a self-similar,
implosion-like character with a slightly greater slope (~ 17% in this case)
than would be predicted from classical considerations. The fact that the
shock strength for the two earliest cases is not sufficient for the shock to
be clearly "strong" might be suggested for this breakdown. However, the
same behavior will be found in explosive-driven cases, where the shock is and
has been strong. The "discrepancy" lies in trying to make the real case of
an implosion in a sphere conform, too closely with the classical, implosion
from infinity.

It should also be noted that the spreading out of the shock

front due to the artificial viscosity technique employed mekes it difficult
to assign an exact radial position for the superimposed classical implosion
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cut slope for toe preofile at 67.78 psec is due to- the fact that the. front edge

- : [

nrofll s. Herce, the curves could shift. to the left or right depending oh: how
the shock front position was defined; and ‘the method used liere must be explaine@
in the figure: the classical profile is epplled to the two latter cases. by Te-s
quiring its peak pressure to coincide with that obtained numerically. For the :
ealllest case (%t = 39.48 psec), the shock front location is edsily: determined. T

= 5L, 38 usec, -this procedure places the- shock'front approximately midway ’
ir uhe rl311g portion of the computed profile. At ¢ = 5h U5 usew, very «close
to the origin, the artificial viscdsity spreads the front 80 extensively on, -
this plot that the "middle” of the rising is obscurred. The present procedure v
places the shock front ab r = 0.46 e, R

Piotted in Figs. 32 and 33 arc¢ the pressure profiles Plotted f~i
for three instants of time for the two explodive driven-cases. In: general, the i
same points can be made for these two cases as were made for.the previous’ oiie, .-
with ons excepsion, The initial behavior of the gas is different. ‘The flow
in the explosive cass is -complicatea by the driving gas. From the:figure, it
can be seen, that not only doés an outward propagating shock eéxist-in the flow
but also an inwvard facing wave, which while moderately strong’ (p2/p1 ~ 5.%6 10)
at the times nLotted nere, is being swept backwards: toward the origin. Whether
this wave is a compubational effect or is part of the explos1ve-dri»en implosion
phenonenon, cannot be determined from the few data available. One might argue
that it is the result of allowing the explosive to detonate prior to the-
arrivel of the pressure peak, &s it is seen only in the explosive driven runs,
If it were a computational efiect it could be removed in 'subsequent studies -
by chenging the detonatbion threshold pressure of the explosive to-a nigher -
value. There is also the possibility that it is an integral part of implosions
in a sphere using explosive liners of finite thickness. For example, secondary,
rezxwerd facing shock waves have been found in“numerical calculations :of Finite
source explosions snd have been .observed in. practice, “hence: by analogy the
.exlstance of secondery waves in a flnlte source implosion problem would not ‘be
entlrely unexpected, -

J© can be seen from the figures, that the driven gas in the two
explosive cases take on & self- similar type of ‘behavior as the shock approaches
the origin., In Case 2 the exponent, -characteristic .of the pressure profile is again
slightly gresater than the predmcted exponent, 1.47 as compared to 1,21, .a factor
of approXLmately ~ 20 percent. Csse 1, which will be seen later, is the most
classical like in ell respects has & slope of 1. 17, only 5- percent lower ‘than
the predicted value, On Fig. 32 it should be noted that the ‘absence of a clear

of the innloding shock hsg vaf lecued and the artificial. viscosity is beginning

to bulge the incident sheck pressure profile’ as the reflected shock begins to
emerge,

»

Density Profiles ‘ ) -

rr

It is of interest to  know .. the petck density as a fuetion
of radius and the density profiles at given instants of time as this will .
allow further insigut Loto the implosion phese -phenomenon.” In the classical
implosion case the pkak density should be constant with radius as.a strong
shock is assumad for the enitire implosion nhase. The density profiles at
fmxed instants of time should h&v» distinct rising profiles which approach
onstents ws r/rg becomes lerge (sea Figs. 13 throveh 17, for example).
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of implosioxz, the density peaX has moved behind the pressure peak indicating a
terdancy toward the classical profiie.

It can be conciuded from data $hown.on the previous four figures,
that & ¢laszical-like behavior hoids for the implosion phase provided the
shockx Is strong and has beer so for most of the implosion phase. For gas
cases or ‘cases where thé snocks ere weak, the density decreases behind the
implosion front rather than increases with the result that self’ similarity
of the flow profiles iz not obtained..

It zhould be noted that the 100 psi case is representative of
tze lower lieit of the conditions To be used for launchings. Hence it is clear
that the dynamice of the {iow in the charber can only be approximated by a
strong shock model, and that ihe full non-linear exzct shock relations must be
included, 2t least over part of the trajectory, if e precise description.of the
flow is to be obiained. )

Ternerature Profiles

In the previcus two sections i% was sean that. the pressure and
density teke on a classiczl-like behavicr provided that the shock is -strong
and has been s0 for a signilicant part of the trejeztory. Theé température
profiles will no¥ be €kemined to see if they behave sigilarly. For the
clessicel case, the peak temperature should vary as r™- and the tempergture
vrofile 2% a fixed instans of time spould e2pprozen the curve const x r™ for
r>> op.

For 2 perfeci gas, the temperature profiles cculd be calvilated
using ’

=2 (2.119)

Hence, for Cases 1 and 3 wheré gamez was constrained %o be. y = 1,67, the .
temperature can be obtained directly from the density and pressure. For Case
2, where 2 real gas wes assumed, this cennot be doné. Unfortunately the
printed oubtput for Case 2 doed not inelude the tewperatures, although. .in
principle they could be obtained fxom p and p knowing the compléte equations
«of state, whichk is not givern.

It will be shown in the next section that redl. gas, stoiéhiomcpric
oxygen hydrogen for the conditions under discussion,“behayes very nearly as if
gamma were constant. st y = 1.1k, Using this value, which sgrees iclosely with
the dsztonaition calculations of Benoit? , and informaticn from the real gas
calculaiion for high pressure deconetion waves from the same reference, a
factor could be determined which allowed the btemperature to be estimated from
p aid p . This was

)

v.‘).
T = 7.29 x 1072 p/p-
where
is in psia (2.120),
is in grams/cc
& in %K

50 g
.l
/2]

For the remsinder of this repori, where temperatures are quoted for Casre 2,
they wall have heen zshimabed using this equation. Shown in Fig. 38 is the
wemperature at the peek prassure location versus radius for she thre. cases.
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It is ‘seen that the peak temperature profiles follow generally the profiles
obtained: for the peak pressure,, except that the non:=ideal density: effects:

_.cause the ‘agréément to be not as good ‘as 1t would have been if the denS1ty

were more classicalslike. - For case 1 the curve approaches r- -0 for r < ‘0.5 ca.
For smailer r, it falls below this iine probably as the result of the

artificial viscosity depress;ng the pressure. For case 3, the curve approaches
the r= 905h curve for r/Ro < 0.1 i.e., much closef to the origin, since the
1mp1031on required considerably more strengthenlngto becomre a "strong" shock than in
_Case 1. Case 2, which is the explosion-driven, weak-shock case, shows ‘poor
agreemént with r- -1.21 curve until nearly r/RO < 0.1, .after which it takes on

a more class1cal-like behavior. In short, the peak temperature behaves in-a
mannerfcon31stent with the previous results for ieak pressure- and- den31ty.
Although not shown, the temperature profiles takea at- various instaints of time
for. ‘he three cases, show a self-similar type profile only very near the origin. -
They are .decidedly planar for times near the béginning of the- 1mplosron, in
general agreement with the pressure and denszuy behavior.. )

Imp1o51on Ihase Trajectorles

. it. is also instructive to compare the impldosion phase shock
trajectory obtained from the nurerical experiments with the trajectory pre-
dicted by the "implosion. in a sphere" model. As noted previously, a precise
shock. front location cannot be determined from the numerical experiments,
however the. point of peak pressure or maximum artlflclal viscosity can. In.
Pprinciple, the maximum velocity gradient occurs in the shock front, hence
taking the location of the maximum artificial v1scos1ty .as 1nd1cat1ve of the
shock front locatlon, 'should entail a. minimum of error. While this works well
-away from solid boundaries or the origin, it will be seen that it fails badly
‘ne&r-them, If the‘pressure proflles were "all classieal, self-s1m11ar profi.les,
ithen the shock front position could be determlned by correctlng for the dis-
teance betweei; the shock front and the peak pressire. location using the classical
theory. It has been shown that the pressure proflles ‘are not all classical-
like for the'whole trajectory. Hence, a correction based on this assumption
would not ‘be valid over the entire range of r. As any method of adjusting the
data to account for this effect would be arbitrary, the uncorrected peak
pressure .location is plotted directly along with the trajectories predicted
by the "implosion in ‘'a sphere" model.

The data and theory i& plotted in Fig. 39, normalizing the d&is-
tancé by the chamber radius and the time by the implosion phase time. For this
pldt r=0and t = 1 is the position and instant of implosicn and r = 1 and
= 0 is the instant of beglnnlng of the implosion. phase. The two predicted
tragectorles, ‘which in their normalized form are functions only of O, are
glven for-6 = 1,21, which is appllcable to the two explosive driven cases, and .
= 0.905L, which is for the gas case.

The comparison between the numerical experiment and the theory
is very satisfylng. Cases 2 and 3 have botter agreement thaa does Case 1.
But récall that these two cases were the least ciassical-like hence the peak
pressure location plotted here and the shock front location are closest. For
Case 1 the pressure profiles were decidedly ciassical in character. The dis-
tance between the sihock front and the peak pressure location is 1.25 r, for
the classical profile. It can be seen that applying, say, one half of the’
maximum of this correction to the dcta, results in a good fit with the theory.
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Also shown. in ‘the Tigure is. the trajectory for Casel based on:

‘the maximum artlfzcial ‘viscosity p931t10n. For most of the 1mplosion it is seen. .

that thlSePOSltIOP is- aheed .of the pesk préssure po»itlon, as it should be, and
gives better .zgreement with the predlcted trajectory. waever, for € less than
~ 0.2 the position. of maximum artificial v1scos1ty aumps close to the orlgln ’
and remains:thers for the remalnder of the a.mplos::.on. Thls is cleaxly a com-
putational effect ahé ‘has .no-vasis in reality. A cﬁmparlson of the two ways

of plotting the "shock location" would indicate that away from the origin the
artificial viscosity location is wmore represertative, of the shock front
positicn unless: the implosion wave is non-élassical in which case the peak
prressure location is..more gccurate. Near tne orlgwn, the peak pressure location
is more accurateﬂ A trajec’ -~y for a classical infinite-extent implosion is
also shown for comvarlson w. le it ggrees with the 1mp1051on a“sphere amodel

for the later suage of the implosion, it diverges substantially for earller
tlmes, as is $o.be expﬂcted.

It cen U concluded %hat the "implosion in a sphere' ‘model also
provides a guod. rept eitation of the actual trejectories for the cases at hand.
This occurs because th- traizétory depends primarily on the pressure, which as
was seen previously, is: 2ceyrately predicted by the implesion in a sphere model.

2.5.4 -Conditions z at_the Or;glu after Imp’usion

—

The impl Oalon PhaSt, durlra whlcn he shock propegates from the
outside wall to.the origin, is of interest prlmarxir because it shows the
strong effect of the spherical convergence .on iue shock strength and on. the pro-.
perties of the gas bekind the shdck. Wh116~these nropextles are-.of interest,
they: are not the real point in questlon. The key poi int IS to bé able to predlct
gas state in the region of the origin, at and after the instant of implosion.

It should be clear from the previous analysig, that as'r -0,
i.ey t otipy, P o, P o and ® = const. This can ha}pen i" pr1nc1p1e,
only in. the absence of any v1scous,,heat—corduct1ve or radiative eftects. For
any real gas, these cffects will limit the pressure and temperasure to finite
values. The analysis of convective and radiative losses is .&.problem of con-
sidersble importanée to implosion-driven launéhers since it is Trobably these
effects which will limit their ultimate performance. The complemlty of the
problem make this a saparate *task in 1ts own right and preclude its being under-

taken as part of the present study. % is hoped that a serious attack -on this
problem can be started in the immediats future.

)

In a sense, the finite cell size and artificial viscosity used
in the calculations have zlready limited the maximum recorded pressures.and
temperatures by spreading the shock front over several cells. The cell or
grid size could be reduced at the expense of computing time to obtain fineér
resolution, However the resulting profiles would then have to be integrated
(averaged) over the projectile base area to ovbtain the accelerating force, The
data for times nearesi the instant of the implosion, gives as the radii of the
central zones, 0.33 em., 0.89 cm., 0.56 cm for Cases 1, 2 and 3 respectively,
hence the numerical results are already averaged over areas comparable to the
projectile base areaand have finite peek values.
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Time Historylat Origln‘

The time hlstory\of the gas in the or1g1n zone, -after the re-
flec‘f‘u of the implosion wave will nov be examined,in detail to ascertain the
nature of theOflow. In Fig. 40 3 is plotted the pressure in the orlgln zone as
a function of tlme from the instant of 1mplos1on for the three : -cases., It can
ve seéeen that for all three cases: the pressure varies as t‘3/3; The data for
Case 17(100 psia-TNT) are limited to two Points but a slope:-of minus 3/2 is
fiot ‘unreasonable. Thls point is- very significant. As ‘the. three cases 1nvolved
1ncluded, explosive-drlven cases with both real .and perfect 1nter10r gases and
a non-explosrve driven perfect gas case, one can conclude that this result is
1ndependent of both the drlving technlque .and of 7 .and that all cases Will
’behaverldentlcally. While thiscbehawlor is not sufflcien it is a necessary
condltion for the -existence of a .similarity- Solutioh for a reflected implosion -
Wave Recall that the pressure at the origin for an explos1on\regardless of”

the: ratlo of speclflc heats was 2y
| | VR (2.12)
. . - Porig =K Uy — e

For an-implosion it appéars that the préssure a£~th§ origin may have the form
! ’ _ v

Lpgm._\s 2 Kt :  (2.122)

This result alsochas considerable bearlng .on the potential use of the gas- pro~
‘duced by the implos1on, as for example in the hyperveloclty launcher, :since it
implies a verJ rapid decay of the pressure and consequently the average pressure
will be: suustantlally less than any peak pressures measured -or inferred., The
pornt of view of an:average pressure wlll be persued further in Sec. 3.5.

It is of interest to determine in the sdme manner that was used
for the explosive producfs in Sec. 2. 5.2, the ratio of speclflc heats of the
doubly shocked gas in the origin .zone. For Cases 1 and 3; 7 = 1,67 should be
obtained since this was .assuned initially. Case 2 is of 1nterest, since it
will indlcate how the' present representatlon of real gas stoichiometric oxygen:
hydrogen behaves at: very hlgh pressure. In Flg. by the pressure is plotted
versus the: densrty for the gas in the origin zore . For Case 3,. the slope of
the' curve «of p versus-p ‘has’ a slope of 1. 67, whlch is in agreemer' with the
1nit1al constraints. Further, the conditlons at the outer wall are also plotted
and gamma also found to be y = 1.67. The- shift. in the curve is due to ‘the
dlfferent state of entropy at this locatlon. For Cage 1, only three points
ex1st but they are sufficient to exhibit a slope of 1.67, as initidlly assumed.
The results from Case 2 are very énterestlng, as they show that for press&res
in the range of b x 10 to 8 x 10° psi and corresponding densities -of 107" to
1l gram/cc, that gamma remains essentially constant at a value of v = 1.1k,

From an inspection of the equatlon of state for the oxygen-hydrogen mixture
(Eq. 2.114), there does not appear to be any a priori reason to expect this
behavior, i.e., this value of gamma has not been "preprogrammed”, That gamma
is constant will simplify the discussions and -analysis to follow.

After the imploding shock wave reflects from the origin, the gas
in the origin zone does not experience any further shocks or compressions,
(until the next cycle). In the absence of any entropy producing mechanisms,
the flow is particle isentropic and the variation of the other gas variables,
«ensity and temperature along a particle-path or Lagrangian surface should
be calculable from isentropic flow considerations. Recall for isentropic flow
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between two states 1 and 2, the temperature and densitg ¢hanges ‘are related to =

the pressure :change by

‘ | E?’ < ) ’ (_25.123)»
( :> ‘ B (2.124)

Since the pressure-time history hashpeen shown to follow the relation,,

and

P 23, X

=2 - const, t°3/2 (2,125)

bl '
then it imhediately follows that the temperature and density time histor ies
should be .3 1_-&

T = const.t > 7 (2.126)
-3

and p = -const.t 27 (2.127) -

Plotted in Figs. 42, 43, and U4 are the time variations of p, T, and p. in the
origin zone, as obtained from the numerical expériments. In Fig. 42- the data
from Case 3 show very good agreement with the predicted slopes. 1In Fig. h3

the data for Case 2 indicate that for times less than sbout two microseconds,
the ‘spreading due to ‘the artificial viscosity "flat tops" ‘the profiles. If .a
run with smaller .zones.or a smaller artificial viscosity coeff1c1ent were made,
the profiles would be peaked. The flat top shown here is a computational effect,

but ‘& similar flat topped ‘behavior would not be unreasonable in a real situation,
where convective or radiat ive losses deminate.

In Fig. k4, results for Case 1 are plotted. The limited amount
of data, (three points)‘.uu the riearness to the instant of reflection (with
its subsequent strong artificial viscosity effect), do not permit a valid
comparison with the theory. However, it is not entirely unreasoneble to. expect
from the trend that the data fair with the predicted slopes at later times.

It may be concluded from the above .cases that the flow is a
particle isentropic expansion flow, and that the state of the gas in the origin
zone and its time history are known in the general case, with the exception
of the constants in Egs. (2.125), (2.126) and (2.127).

- If an analytic solution for the reflected implosion wave were
available, then these constants would be known as for éxample, as they are in
the.classical explosion case. As this solution is not yet available and as
these constants must. be known if any further use is to be made of the andlysis
developed so far, the following alternate approach is suggested.

There may be several ways of obtalning these constants. One way,
which has the advantage that it avoids the singular region, follows. Consider
the profiles shown in Fig. 45, which are taken at a fixed instant of %time after
the reflection of the imploding wave. The pressure and temperature profiles
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“left’ by the inbound shock are. shown by the dotted line which can be calculated

using the’ 1mplosion in. & sphere model, for example. If, 1): the shock jump
Acondltlons, 2) the ratio- of the 'shock to- origin‘.conditions, and 3) the outbound
trajectory (such that‘the shock p051tion and. corresponding. time are known)

then the .origin. conditions &t that instant of time are known, hence the con-~
stanits can be evaluated., These three p01nts- reflected shock strength simvlar
profiles behlnd a reflected 1mplosion, and the outbound trajectory will. now'be
-discussed’ in turn.

Reflected ShocKtStrengthr . : //

i

The overall pres ure ratio across a clas31ca] reflécted implosion
wave. 'was determined by Guderley in his classic work on 1mp1051ons. He obtain-
ed an overall ratio of 16.6 and 26.6 for ‘cylindrical and sphefical implosions
respectlvely,for y = L4, An error in the scale of Fig. 4 6% his original
‘paper -(in German)!has caused: some confusion but by noting that the exact value
for the planar case ‘is p5/p2 =8, for y = 1.4, the proper vertical scale can
be determined. The -corrected plot appears in- Flg. 46. The curves are normalized
by the pressure 1mmediately behlnd the 1mplod1ng wave at r =1, t5-1 and the
time to transit from r = 1 %0 the p01nt of réflection. ‘The: normallzed tra-
Jectory on ther - t plane is shown in thé insert.on Fig. 46 for y = 1.4 and
vel, The basic character -of the trajectori°s are the same for v = 2 and 3,
the only exceptions being that the trajectories -and. partlcle paths are curvi-
dinear, the partlcle paths are 1ncllned outbound after reflection, and the
reflected waves arrive at r = 1 sboner than in:the v = 1 case as can be seen
from the pressure: tlme curve of the same figure.

A very 1mportant point concerning the préssure curves was not
madé explicit by Guderley but can be,obtalned from an 1nspect10n cf them.
Whlle the "reflected shock" pressure ratio for the oné-dimensional case is
straight forward in that..only a 31ng]e shock compression is involved, the
overall reflection préssure ratio for the cylindrical. and spherical cases is.
composed of two parts, -an adiabatic (particle 1sentrop1c) compression folloved
by a shock compress1on (subsequently there is -an adlabatlc (partlcle 1sentrop1c)
expansion). Further, for the: one- dlmensional case whether one 1§ interested
in the pressure Jjump as: seen. by & partlcle in the flow or by an observer
stationary in laboratory coordlnates, the reflected shock pressure ratio,

P /p2 defined: by the ratio of the static pressure across the reflected shock,
1s the same and is given in Eq; (2.18). It is p /pg 8 for 7 = 1.4, For

the cylindrlcal and spherical cases, the overall compression experienced by -a
particlé in the flow and the overall compression noted by an observer fixed in
the laboratory frame .are quite different.

For example, for cylindrical or spherical flows a particle com-
pressed by the inbound shock to a pressure po, is put into motion and moves
toward the origin. It undergoes an adiabatic compression as it ‘approaches the
origin., Its inward motion xs terminated by the reflected shock, which is now
outbound from the origin. Sub°equent1y, it propagates outward from the origin
experiencing an adiabatic expansion. Figure 46 ddes not apply to this case
but rather to an observer fixed at a given radial position and ‘observing the
pressuire as & function of time. The fixed observer sees the incident shock
pass his station at t = -1. It is followed by inward flowing gas (along
particle paths which come from earlier times) which is undergoing an adiabatic
compression by virtue of the cylindrical or spherical convergence, The
rhenomenon is such that for the cylindrical and spherical cases, the pressure
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‘the nunierical approximation p/pp

at the fixed observer increasés in: time until :the outbound reflected shock
-passes, giving an instantaneous pressure increase followed by a monotonic
pressure decrease due to the outward dlverglng Plow, Tt ‘can-be--seen from the
figure, that as, seen by the fixed observer, the adlabatlc compression has a
greater compres31on ratio-across it (p/p2 ~8), than .does: the réflected shock
(p/p2 = 3.33). From Somon, for y = 1. 67,. the reflected ‘shock has ‘a pressure
ratio of p/p2 ~ 2.5, and the adlawatlc compression has 'a.strength.of = 5 giving
an overall pressure ratio ‘of p/p %= 12.5. The ratios, which are tabulated in
Table 6 and shown in Fig.. h?, are quite different from the larger numbers
usually quoted for the "reflected-shock pressure ratio" which should be

called "overall compression ratio" on reflection £6 prevent confusion with

the pressure ratio- -across the: reflected shock, which-as is séen, is relatively
small. A comparison of the two available values 1ndlcates, ‘that the strength

of the reflected .shock part of the total compression, may be roughly -approxi-
mated by the one-dlmen51onal value divided by {7+1) for spherical implosions.

It is instructive to compare the reflected shock etrengths\of
the numerical experiments with those predicted by classical theory. The direct
approach, i.e., plotting the pressure at a point as-a function of time to
dupllcate,rlg. 46, was not successful. The spreading of the reflected shock
by the artlficlal viscOS1ty obscurred the profile. An alternate approach
which is not so sensitive to the spreadlng is) shown in- Flg. 48 for cases, 2
and 3. The peak shock pressure is plotted veérsus the radius for: the outbound
shock 1ar several instants of tlme, and loci obtained. The pressure at any
point in the gas into. which this sbock is propagatlng should, for a classical
implosion, be increasing in time up to the instant the reflected shock arrives
at thet point. ‘However, as seen from the :figure for the pressure: profiles
qhown at; different times; (for example, t = 54,45 and 61.66 psecefor Case 3, and

= 105.5 and 116.8 usec for Case 2), the profile ahead.of the reflected shock
remalns nearly independent of time after .implosion. for €Case ‘3 and‘for -Case 2,
shows only a very small (~ 30%) increase in pressure. A classicél implosion.
should have shown increases of nearly factors of ~ 5 - 10, It is/seen that the
xlmp1081on in a sphere, again produces results which are at variange with
classical implosion theory. Since the pressure proflles into whloh the re-
flected shock is propagating are nearly constant W1th time, the, drfference be-
tween that profile and thé locus of the peaks of the reflected shock is 'a rough
estimate of the reflected shock strength., As the aftificial v1scoeity has
reduced the peak values .of the outbound reflected shock by an undetermined
amount, this estimate should be considered a lower bound. Values of p/po ¥ 1.7

.and p/p 4.1 are obtained for y = 1.67 and 1.1l, respectively. Predicted

values of p/po for the same cases. are 2.5 from Somon for v = 1. 67,4and using
/p /(7+1), gives 8.02, for % = 1.1h.
3p,, Py
Both values are ‘about 50% higher== than those obtained from the) numerical
results, A better determination is not possible with the limited data available,
but it can be concluded Fhat the values are of the right order of magnltude and
in the right direction considerlng the effects of artificial VlSCOSLty.

It appears that the reflection phase of the flow inua finite
sphere for weak implosions can be considered to have a pressure proflle anead
of the reflected shock, which is fixed at that value experienced at the instant
of implosion, and a reflected shock strength that is given by the classical
implosion theory. It would be interesting to see if this model also applied
to the strong shock finite sphere implosion for which data are not presently
available.
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Profiles: of the Flow Behind a Reflected Iniplosion Wave

‘While it has not béen proven, ‘the evidence suggests that the
reflected 1mp1051on wave for a classical implosion- is self-51m11ar. There exists,
at present, no analytical or numer1ca1 representation of the proflles behind
‘the: réflected wdve,. however, a step towards obtaining them, albeit in:a crude
form, can. be madé by utilizing the results of the numerical experiments.
While- thls is not completdky satisfactory, the lack of any other information
and the*fact that this data is needed presently, is sufficient to Justlfy this
approach. If :the dumerical experimpents were more precise, i.e., the pressure
peaks: were represented accurately, and’ if both the inward and outward flows
were: truly self-similar then thls’approach would yield accurate values. Un-
fortunately, the péak values are - -obscured by the action of theé artificial
v1scosity -and an- exactly self-similar flow.is not obtained for either the in-
bound.or the outbound flow. It is urfortunate that Case 1, wheré the “inbound

flow is:closest to belng self-similar, has a limited output, or better values
might have been: constructed..

) It i5 of 'interest to note, that the outbound reflected wave
-does ‘not satisfy the strong shock conditions.. Hence, one of the basic assump-
tions in the usual solution of similar problems is not satlsfled. Hewever,
the shock has constant strength which is even more useful than the strong shock
assumption. Plotted in Figs. 49 and 50 are the pressure, temperature and
density behind the reflectéd shock normalized by the peak values at the shock
front versus the radius normalized by the shock front radius, for Cases 1 and
3 (7 = 1.67) and Case 2 (¥ = 1.14), respectively. The egreement between
Cases. 1. and. 3 is good cons1der1ng that the only data for Case 11is for very
short times (i.e.,. dlstances) after the reflection from the origin when the
artlficial viscosity effects are still strong, and they have-entirely different
histories: Case 1 being explosive driven while Case 3 is not. It can be seen
that profiles,. not. unlike .a :conventional explos1on profl es, result: The
pressure decays from the shock front and approaches & constant value as 1 - O.
The density decays more rapidly than the pressure, as in the explosion case,
but does not vanish as 1 = O hence the temperaturé remains finite at the
origin., This is 'shown clearer in the linear scale of the insert. 'By compari-
son, Somon's results for the profiles at fixed instantsof time and as  func~
tions of time at a fixed point, for both cyllndrlcal and spherical cases,
which are teken directly from Figs. 3 and & of Ref. h8 are shown. in Fig. 51.
From his figures it appears that a 51ngu1ar1ty in temperature should exist.
His figures indicate p —» const for r —» 0 in the cylindrical case, but p - 0
for r - 0 in the spherical case. These results, which are incidental to the
main theme of .his paper are not discussed, may have been plotted incorrectly.
The fact that the velocity field appears to have advanced knowledge of the
outbound reflected shock is also unsettling.

In Fig. 50, the profiles are plotted for Case 2, where y = 1,14,
The profiles are very similar to the preceding case. Again it appears that the
density does mot vanish for r - 0. However, ‘the asymptotic value is very small.
Whether the artificial viscosity has prevented the density from vanishing or

whether this is a property of the flow cannot be stated conclusively from the
limited data available.

The forgoing profiles were taken at an instant of time that had
enough points to adequately define a curve. If the profiles are truly self-
similar, then profiles plotted at other times should coincide with this one
or equivalently, the ratio of the origin value to the shock value should be
independent of time. Plotted in Fig. 52 are values of porig/Ps and Torlg/T
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for radii from reflection to either .collision with the wall or contact surface,,
whichever:.governs the case in question. It can be seen from the figure, that
these values are conistant, over the ‘inner half of ‘the %raaectory. As the pro-
files into- which the shock is propagatlng become léss self-similar away from,
the origin, the dev1atlon is to be expected. The values. for Case 3, indicate

a well maintained constant value of the temperature ratio supportlng the nons
zero density asymptote argument

Garrying the analysis one step: further, the ratios are plotted
versus gamma in Fig. 53. The variation of the pressuré ratio with gamma is
less than the gcatter .of the data, hence the only conclusion that can be made
is that the préssure ratio is constant at 0.85 ¥ 20% for all values of gamma.
For the- temperature ratio, two distinct values are seen, Torl /Ts 2.25 for
y = 1.67 and Tj.;:,/Ts = 12.6 for y = 1.14, These values, which.aré plotted in
Fig. 53, 1nd1cgte that the temperature- ratip has a singularity at 7 = 1. A
poéssible numerical fit to the two points, wh1ch is contrained to te s1ngular
at 7 = 1,0, is

Tori I.6Y4
g - = (2.128)
Ts 7-1 : '

as shown in the same figure. It should be kept in mind that this.-date may be.
seriously in error, depending on hov much the artificial viscosity: has depressed
the peak shock values. Much additional work will be required ‘to produce more

precise value., preferably. an analytic solution to the reflected implosion
pfoblem.,

Reflected Implosion Phase Trajectories

For a classical idplosion, both the implosion and reflection
trajectories have the same form which is.

(2.129)

The value of the constant for the reflection phase is greater than. the value
for the implosion phase indicating that the reflected shock moves .slower in

laboratory cqordinates than the incident shock, as can be seen from Fig. 46.

For the one dimensional case the reflected phase time to the incident phase

time is known, (for example, Ref. 19), and is given by

(2.130)
imp
which is plotted in Fig. 54. For the cylindrical and spherical cases an
analytic expression does not exist but the single points determined for y = 1l.h4
and 1.67 by Guderley and Somon, which are plotted in the same figure show that
this ratio has about the same form as the one dimensional case but generally
decreases with increasing space index, v . Using the value for y = 1.67 and
an estimate of tgy /tlmp = 7.5, for y = 1.14 and Eq. (2.129), the expected
trajectories can be constructed. Shown in Fig. 55 are the anticipated tra-
Jjectories and those actually obtained. It can be seen that they agree neither
in slope nor in absolute value. It might be argued that the slopes are
approacning the right value as the shock wave approaches the sphere surface.
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_plotted in Fig. 54, . It can'be seen they have the same trend w1th ratlo of
specific heat as: the predlcted curves; but are lower by a factor of ~.2 to 3.

A —— it e ot e, e B e AT o s . o bt e

However, it is in”this reglon where the worst comparison would be .expected,.
not the best hence the agreement is: probably fortuitséus. As & rough
approxlmation, a linear tragectory i. e., r = Kt can be assumed, as shown with
Case 3, If the tragectoriee are extended to the outer wallk, the t1me for the
reflection phédse can: be determined. : For Case 1, only 3 points- are available,
and an: dbaective result cannot be obtalned.. For Casés<2 and 3, the: reflected
phase.time is 140 and 30 psec, giving for the ratio te /tlm ,. 3.3 and’ 1.12,
respectively. Because Case' 2 required a lengthy extrapolatlon, 1ts;reclslon. ;
is not as good as Case 3, whlch can be obtained accurately. These values are (
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. It can be concluded. that the trajectories for implosions' in
spheres, are’ not -adequately described by the: classical theory, as the flow is -
becoming less and less classical as the cycle progresses, and numerical des-
¢riptions. must be :sought. .

2.5,5 Subsequent Cycles

As noted in the introduction,to this -section, the.detailed ’
print-outs for the ‘three cases cover only -one complete implosion. There :
exists graphical output in the gas case (Case 3) for the pressure at the origin i
through 3 cycles. Unfortunately, the tebulated information that is: implied by
these plots i§ not available., However, -even this limited look at later cycles
does allow one to ‘sumise what- the character of later cycles may be like. The f }
cycle time for the gas case was 54.l ficroseconds. The time between implosions : J
for the;first and second,..and second and third peaks: of the prlnted output is |
55.5 angd 54,5 psec reg pectively, indicaeting that for the gas case at least, the
cycle: tlme does .not. aj)pear to change with subsequent cycles., Further, the
rressure-tlme histories of the second and third cycle, shown in Fig. 56, are '
virtually identical with the first. It would be interesting to be able to- 1
compare the temperatures:at later -cycles, since one would expect that the re- !
peated. shock 'heating would raise the temperature with cycle. This question
can only be answered when further date is available.

While the later cycles in the, gas case appear, .at least as far
as pressure and cycle time effects are concerned, to be nearly identical with
the first, there is no guerantee that the explosive driven cases, where contact
surfaces are found will have similar properties. - In fact, it is expected that
the shock will refract at the contact surface producing transmivted and re-
flected shocks which themselves refract ad infinitum. It is to be expected that
& fairly steady pressure will be produced after several (5 - 10 ) cycles have
elapsed. The average pressure will probebly be close to the steady state
pressure which would have been produced by constant volume energy addition. .
Further, only the first shock is explosive driven and has a large value of O
(6 = 1.21), The subsequent implosions will praellj, behave as undriven
implosions, hence § will be much less, and consequently the peak pressures of
the second and later cycles will be much lower than the first.

While there is ndo information to verify this, the expected be-
havior for the explosive driven cases will proably include a strong explosive- .
driven first cycle, several wesker undriven cycles followed by a steady pressure '
related to the equivalent constant volume energy addition pressure. f
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2.5:6 Summary of Propérties : -

From the preceeding sections a considerable- fmount of usetul
information was gleaned by a close inspection of the results from:the three:
numerlcal experlments. It is worthwhlle to collect -and summarize ‘the key
p01nts before proceedlng with further analytic work based on these: flndlngs.

Generally, the implosion phase of the cyclé for an implosion in
a- sphere can be adﬁauately ‘described by clas31ca1 implosion theory modified
and 1nterpreted in.the manner described by the "implosion in & sphere model..
The reflected phase is decldedly unlike the classlcal model -and con51derable

care and, restraint must be used in carrying over classical results. Spec1f1ca11y,
the follow1ng important points can be made.

1, The 1n1t1al motion of the imploding.-shock wave following the
‘detonatlon of the exploszve at the out51de wall, Lollows ideal plane explosion
‘theory, (Fig. 28).

2. In the absence of any exp1031ve the peak pressure of the ime
plodlng shock waves with r as r- 5, where & is glven as a function of gamma of
xthe gas as predlcted by the ‘classic 1mplos1on thecrv of Guderlem. Whére ex--
plos1ve liners are used and. the total energy ‘of, the explosive is at least equal
to the energy in: the :gas, b is constant. at approx1mately 1.21 and is ‘independ=
ent of the gamma of the gas in the interior regions or explosive. Thls effect

is probably due o the explosive: products acting like an implodlng plston, (Fig.
30)

3. In. the gbsénce of radiative:&convective losses, the jpressure,
velocity, and temperature become infinite at the origin at the instant of im-
plosion,, (Figs. 30 and 38).

N "he radisl profiles of the pressure, temperature, and velocity
do not correspond exactly to those given by classical theory, but have stronger
.radial dependences.. This effect is probably caused by the wall velocity con-
straint, (Figs. 31, 32, 33).

5. The implosion in a sphere model.gives a good representation of
the peek pressure variation with radius and the implosion phase trajectory,
(Fig. 30 and 39).

6. A strong shock cennot be expected over- the entire trajectory
unless initial pressures are low and explosive energies -are large, (Fig. 34).

7. The origin pressure after implosion varies as t-?/2 for all

values of gamma, suggesting the reflected imploding shock obeys a similarity
law, (Fig. 40).

8. ‘The gas conditions in the orlgln zone ter 1mploel n are
governed by considerations, i.e., T ~ p7' as p ~ t°3/2,(Figs.
42, 43 and Mb),

9. Stoichiometric-oxygen-hydrogen at very high pressures and
densities behaves like a y-law gas with y = 1.14, (Fig. b41)
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10. The state profiles behind reflected imploding shocksare approxi-
mately self-similar, (Figs. 49 and 50).

11. The reflected trajectories are sot adeghmtely.-déscribed.by ~lassical
theory, (Pig. 55).

J2. The reflected phase implosioca time for an implosion in a sphere is
less than that predicted by classical theory, (Fig. 5b).

3. FPERFORMARCE CALCULATIORS

Historically, the development of accurate performance calculations
for conventional light gas guns has lagged their appearance by a considerzble lengtn
of time. While the first guns were reported in 19572, it was not until several
years latg that detailed and accurzte performance predictions were finally
achieved.”V»7!, It is reasonzblie to assumwe that the éevelopment of precise per-
formance caiculations for a new concept 1a launchers will also take some time.
An effort has teen made to achieve as detailed and accurate a performance model
as possible in the time scale of the present work. The model which follows is
a semi-analytic, semi-empirical one. It attempts to use as muchk of the physics
determined in the previous section as possible, but reguires a mucber of assuz-
ti~ns and empirical relationships to bridge gaps where no firm understanding
or dat: exists. As such it represents the ""state of the art”. Nevertheless, it
chodii ne pointed out that this model does predict masy of the ohserved features
c® th2 launcher performance. As such, it has been very useful in understanding
the launcher and in optimization studies and design predictions. The exlstance
of such a program should not deter efforts at improving numericel implosion
calculations by the addition of more realistic gas perameters, radiative and
convective heat losses, as well as boundary lzyer, model friction effects and
ablation. In one respect, the present analysis has the advantege that being
semi~-analytical, it allows some insight into the reasons for various effects,
whereas a completely numerical program has the disadvantage that, given a cer-
tain set of initial conditions it produces a certein precise answer, while the
reasons are often hidden in the ccmputetional details. The present program
however, is still sufficiently complex to recuire the use of an electronic com-
puter.

Tbe performance model replaces the detailed numerical calculations
of Brode, such as discussed in Sec. 2.5, “y a semi-empirical, semi-analytic re-
lation which gives the pressure-temperature-time history of the gas in the
origin region. Since the total amount of mass which has passed out into the
berrel is small compared to the total mass of gas in the chamber, it is assumed
that the barrel and chember processes are uncoupled. This is satisfied for the
present experiments. For example, assuming a uniform density distribution, the
worst condition occurs for the 5/16 inch diameter, 10 foot barrel, which has a
barrel to hemisphere volume ratio of 6.8 x 16"2. The uncoupling of the two pro-
cesses makes it possible to solve for the chamber flow properties independently
of the flow processes in the barrel. The flow in the barrel can then be calcu-
lated knowing the chamber origin conditions.

The time dependent origin conditions are taken as the input to
a calcalation which assumes a "quasi-steady” flow at constant gamue. That is,
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the pressure at the baisz of the projectile is assumed to be that which is obtained
by a steady-unsteady {~hambered), constant gamma, expansion from tze uezervoir
condition which exists at that inctant of time. This force is then summed with

a friction force and a counter-press.re force and an accelieratica. is produced.

A small step in tieme is taken, the motiu.. noted and the calcvlation repeated

with new values corresponding to the new time., The details of the model will

now be examined. ticular noie should be taken of the assumptions made since
they are directly responcible for accurecy of the wodel. In the last part of

this section, the performance predictions basesd on the mecdel will be compared

to the experimentally determired projectile velocitles for gas and explosive

driven runs and the discrepancies, between predicted ané msasured quantities,
discussed.

3.1 Hodel of the Wave Dynamics in the Hemisphere

The ccpditions in the chamber asre calculated following the
"implosion in a sphere” model 7eveloped in Sec. 2.4.1. The pressure and sound
speed are known to vary as t~3/2 are t~3/4. (7'1/7), respectively. Hence only
twc constants are reguired tc completely specify these quantities. These ccne
stants are Tixed for a given case by the chauber size, explosive weight or thick-
ness, explosive energy yieid, and the initial gas mixture and pressure. The
cycle time is required to complete the model. A characteristic time, tx, is
introduced to produce “flat topped” profiles for ¢ < tx (see Fig. 57) end in a
rough manner attempts to account feor the radiative and convective losses in and
near the origin, Further, the initial calculations indicated that the calcu-
izted psrformance was unrealistic if all the cycles were considered to be
identical. An attempt was made to improve the model by introducing a loss
which depends on the particular cycle. It should be kept in mind that this
¥inid of bzhavior has not been rigorously demonstrated and it may be only an
empirical correction which permits better agrecament between prediction and
experiment. However, mass {1 ux from the chamber andé heat losses to the wall
would be crpected to reduce the pressure with each succeeding cycle. Further,
in keeping with the comments made in Sec. 2.5.5 only the first cycle is cen-
sidered to be explosive driven i.e., 6 = 1.2).. The second and subsequent cycles
(a1l cycles for a gas case) are tased on & of the particular driven gas being
used. Diagrams of the assumed pressure and sound speed history a% the origin
are shown in Fig. 57. The various supporting calculations and assumptions will
now be discussed in detail, starting with the outward propagating detonation
wave and progressing through the cycle.

3.1.1 Post-Detonation VWave Conditions

The detonation wave used to initiate the explusive must be con-
sidered because it sets the initial conditions ahead of the imploding wave.
Unfortunately, it generates flow profiles which are not uniform over the entire
region behind the wave, {see for example, Fig. 58). To account for this non-
uniformity would be a cumbersome task, hence for the present the initial condi-
tions for the implosion phase are assumed uniform cver tle entire sphere and
taken as equal to the origin conditions of an ideal spherical detonation wave.
In otner words, the spherical expansion wave that immediately follows the
detonation front, is disregarded. Implied in this assumption is that the inter-

action of the imploding shock wave and the expansion wave is not a dominating
Teature of the flow.
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To obtain the properties in the centrzl region, requires the
solution of the comnletg spherical detonaticn wave problem. In principle this
has been done by Sedove®, but pumerical so’ wions are available only for very
few casés. ‘Sedov gives (from plots) as the conditions across the exransion
wave of a spherical detoration for y = 1.67,

Zorig . _ 4.260 (3.1)

Since the flow behjnd the wave is isentropic by virtue of the constant detona-
tion wave velocity, the other quantities of interest can be calculated
immediately from the pressure using isentropic flow relations. For this case,

';E_TOEES = 0.584 (3.2)
D
aor"t
= = 0.765 - (3.3)

)

These values vary considerably with gamma and since the ygammas of interest are
more nearly y = 1.1, it is necessary to determine these ratios for a range of 7.
In principle Brode's numerical results for the impiosion in the spheres sheuld
yield these parameters directly for 7 = 1.14 and 1.67, but in fact, the
artificial viscosity has decreased the peak detonation wave conditions to the
point where realistic vaipyes cannot be determined. Fortunately, calculations
have been made by Manson”® for a CoHpo + Op mixture, for which 7 = 1.13, He
obtained Porig/PD = 0.317 for this case. A linear fit

Popig/Pp = 0-330 - 0.307(7-1) (3.4)

was applied to these two values to estimate values for other ratios of specific
heat. It appears in Fig. 59. As most of the performance predictions in this
work are done for a stoickiometric mixture of oxygen-hydrcgen, a value very

near to Manson's value is used and no large extrapolations are necesary, hence
errors introduced by the liner it are minimal., (It is anticipated that a
nunerical code which will calculate the spherica) detonation wave ratios for

any gamma will be #vailable in the future and tre vnresent linear fit éould be im-
proved.

The conditions ismediately bebind the detonation wave in the
gaseous mixture were taken from Benoit5o, wito did detailed equilibrium real gas -
calculations for detonation waves in mixtures of the type, 2H. + 0p + nfe +
mHy for values of 0 < n< 6 and 0 < m< 6. in general the values p/Eys
TD/Tis aD/al. and y are functinns of initial pressure, wixture and 1n1t;a‘ .
temperature requiring a three dimensionsl array for each of the three ratios
tabulated. Since the initisl temperature for the present experiments is ~ 2987K,
oniy one value of temperature nerd be considered. While a range of irnltial
pressures of from 100 to 10Q0 psi is possible, the values used in this medel
were taken for p; = 10 atmosphere¢s, as the variation of PD/Pi with pressure is
small and will not significantly aiter the results. The ratio of specific hesats
is held fixed for the entire calculation at that value obtained for a 10 atmos-
phere initial pressure. The absolute variatior of 7 with initial pressure for
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the detoration wave properties is small. Uniortunately many of the other
y-effects in tiy mrogram occur as {y-1j factors and smsll variations in 7 are
magnified in the resuits, It is felt that of aillthe assumpticns made in this
performance wodel that errors introduced by this zuswnption are primarily
responsible for the discrepancy between predicted and usasured values.

3.1.2 Implosion and seflection Fhases

The behavior governing implosion phase of the cdriviug cycle is
take~ directly from the "implosion in a Spaere” model of Sec. 2.k.1. The con-
ditionc left at the origin by the reflected implosion wave are caiculated using
the technique shown schematically in Fig. 45 and discussed in Sec. 2.5.4. For
example, & characteristic radius rx is assumed and the pressure left by the
inbound wave at this peint, Pinbound, 1S calesnlated using Eq. 2.98. As dis-
cussed in Sec. 2.4.1, For gas cases where c¢niy = single value of 7 is involved,
Eq. 2.98 car. be used directly using A as obtained . -om the numerical calecula-
tions of implosion profizes. When an explosive is used this precedure does not
work because A is not determined properly. Ii the at =nce 4f any rigorous
method of evaluating A for a two-gas mixture, a puzerical represzutation

A= 0.3/(7-1) (3.5)

is used. It predicts the peak pressure curves of Fig. 3¢ within ¥ 30 percent,
and is equivalent to assuming that the ratio of internal to total energy, for
cases having two gases, is 0.3. This pressure is taken as the shock pressure
at that point, for the inbound shock wave. Knowing all of the conditions ahead
of the chock.and the strength, the shock Mach number can be caiculeted using
Eg. 2.k, The temperature immediately behind the shock is then c2lculated using
this shock Mach number and the shock t=2mperature ratio, Eg. 2.5.

Next, the pressure immediately benind the outbound shock at r«,
Doutioounds 1S calculated by noting it is the product of the inbound shock pre-
ssure and the reflected shock pressure ratio. As noted in Sec. 2.5.4, a good
approximation to the reflected choeck riessure ratio eappears to be

¥l o\ 1 2

vwhich is assumed here. A shock Mach number is calcuisted from this ratio using
the ideal shock relation, as this shock is weak. The temperaiure immediately
behind the outbound shock is then calculated using this shock Mach number and
Eq. 2.5.

The origin pressure and temperature corresponcding to this point
on the trajectory are calcilated from the peak shock values using the results
of Sec. 2.5.4, i.e., Fig. 53

porig/ps 0.85

/T; 1.64/(7-1)

To complete the calculation, the time corresponding to this
shock positicn is required, hence the outbound shock trajectory, must be knovn.
It is assumed that for gas cases the implosion phase time and the reflected
phace time arc identical. Where the explosive energy is much greater than the

(3.7

Torig
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o8S energy it is assumed that the explosion phase time is related to the ixplo-
sion phase time by a numerical £it to the dava of Fig. 54, whicn is given by

texpf”‘imp = §.7/(7-1) 13.8)

¥or cases in between, these two relations are weighted and averaged accerding
to the energy in tke gas and in the explosive. The time curresponding to r, is

taken as .
e = by T3, (3.9)
vwhich follows directly from the assumption that the outbound trajectory is
giver by -
r =Kt (3.10}
As discussed previously this representation is the best general representatio:

that can be obtzined from the 2imited existing data.

3.1.3 Cycle Time and t«

The cxle time is defined simply as the sum of the implosion
pnase time and the reflected phase time. The ratio of explosion phase time to
implosion phase time was discussed in Sec. 3.1.2 and only the absolute value
of the implosion time is needed. Thz time for the implosion phase is taken
from tiz "implosion in a sphere” model and is given by

-Ro 2y 1 3 1 Pi ".’.2' \
timpﬁal [(7"1) {»-1) (3-5) A Eo] o(E) (3.11)

with 5 being taken as 1.21, and & is taken from Eq. 3.5 for cases where explosive
liners are used and 7y is the gamma of the interior gas. For cases naiing no
explosive liner, & and A are based on the gamma of th: gas after the resulis of
Sec. 2.3.

As noted in Sez. 2.5.3, the Lressures approach infinity as t
goes to zero. This cannot be handled analytically or numerically. Further
this implies an infinite impulse hence infinite projectile velocities, which is
physizally unacceptable. In practice, radiative and convective losses near the
origin, finite diaphragm opening times for the first cycle, the possibility of
instabilities in the sgherical imploding shock resulting in a focal region
ratner than a focal point, would limit the prassures and temperatures at the
origin. It car be assumed that if the appropriate equations were used, as for
example th=s Navier-Stokes equations, that analytic results wonld also yield
Tinite pressures and temperatures. At present there is no known method of
predicting a limit analytically although future work will have tc be done along
these lines. To reflect the physical situation, the pressure profile is
assumed to have a fizt top, as shown in Fig. 57, at a value px from time
zero up to a Lime tx, where t, follows from .he assumed value of ry. For the
explosive cases the pressure and temperature, px and Ty are calculated using
0 = 1.21 for the first cycle. The second and :ubsequent cycles are based on
O corresponding to the ratio of specific heats of the driven gas as suggested
in Sec. 2.5.5. This follows from the fact that only the first implosion of an
explosive case is dorven. AlL the later cycles are expected to behave as un-
driven implosions.
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It should ve noted that while the first cycle of the implosion
nas baen examired in some de=tail and that while¢ the irdication is that the later
cycles may not te tubstantially different from tre first, at least fcr the gas
c&se, it remains in fect the' the repeated shock compression of the ges and
ilosses to the walls through cadietisn and convection will alter its cornditions.
At present thers exist: ro information sbout the conditions in cycles subse-
cuent to the initial one, althuugh extensions of Brode's results could ciarity
this point. These effects and an overall loss mecranism are lumped tcgether
in a "loss relation” which has the form

(t

L]
N
=

= {1 -a)%1 (3.12)

o]
ct
=

The pressure-time histories for first cyclesare taken as calculated above.

The pressure histories for the seccnd and subszguent cycles are taken as the
first one adjusted by the "loss factor" (1 - 6){¥-1) where N is the cycle num-
ver. The decay parameter 8 is essentially a disposable constant (system para-
meter) which can be evaluated by matching the results of the program with the
results of experiment, for a given initial condition. The method of eveluating
6 will be discussed in detail in Sec. 3.3.

3.1.k Comparison ¥ith the Numerical Experiments

It is of interest to compare the results of the cal:ulation of
the origin conditions with the results of the numerical experiments. The com-
parison will establish the accuracy of this part of the per{-rmance model ani
will indicate what degrez of precision can be expected from tre total per-
formance vrogram. It will also allow the source of the deviatioas between pre-
diction and measurement to be pinpointed. It should be recalled from Sec. 2.5
that the numerical calculations for cases 1 and3 used an artificially con-
strained geseous mixture. The value of gammu for a mixtcre of 2H, + Op + THe
was assigned a value 1.67 although a gamma of ~ 1.27 would huve been mors
ac~urate. In order to compare like quantities, the same constraint is mede in
the oresent calculations. Since this constraint makes inconsistent many of
the «~tonation wave calculations which are used to calculate sound speed,
temperuture and pressure prior to “he implosion, Brode's values for these
parameiers are used directly. For Case 2, this step is not necessary and the
calculativns ers made directly from the initial conditions. The results of
the calculatiuns and Brode's values are tapbulated for comparison in Table 7.



CASE 1: 100 psia &, + Cp + THe - 0.1 inch TNT Liner

For tihiis casc the assumed initial conditions 2re: a chamber
radius of 20.0 cu,, & gamme of 1.87 and post-burrn conditions et the sphere
center region (which were taken from Brode's results) of 2000°K and 500 psia.

A sound speed 0.20) em/pusec was caiculatec using this temperature and the state
equztions, {Zgs. 2,112) assuming a perfect el  The comparison was made at

rx = 2.0 ca.; wnich for the assumed trajectory oceurred at ty = 1.23 psec.
Brode cbtained a time of 1.80 usec, for rx = 2.0 cm. He obtained =2 peak
Fressure and temperature of the imploding shock at this pesition of 1.25 x 107
psia aad 1.0 x 182 %K respectively, whereas the present calculations produced
1.2 x 162 psia and 1.3 x 197 9K, which are in good_agreement. On reflection,
at tx, he ~bteins px = 4.3 x 107 psiz and Ty = 3.5 x 10° 9K, whereas the pre-
sent model produced py = 2.2 X log psia and Tx = 4.4 x 169 OK. The calculated
implosion time of 12.0 psec. compares roughly with Brode's 17.3 usec. His
totai cycle time is nct available but the preseat calculation predicts 24.3
usec. It is se=n tha% vhile the implosion phase results are in good agrcement,
the comparison for tue rsflecvion phase is not too satisfying. The predicted
pressure is approximately a factor of' 2 too low wherzas the predicted tempera-
ture is approximately 30% toc high. Unfortunately this is the best that can be
done for the explosive cases with the presently available information. This
same order of agreement is obtained in the remaining explosive case. The gas
case results however, are ian much better agreement.

CASE 2: 1000 psia e, + 05 - 0,1 inch COMP B Liner

For this case, an initial pressure of 1000 psia and a 2y + 0o
mixture were assumed and the method described in Sec. 3.1.} was used to calcu-
late the conditions immediately ahead of the implosion wave. This method pre-
dicted 6400 psia and 3600°K for the central conditions left by the expanding
detonation wave. By comparison, Brode cbtained 3500 psia and 1900°K, the
difference being a factor of ~ 1.9. This same relative error is carried through
the calculation and as seen from Table 7, the pradictcod pressures and tempera-
tures for the inbound shock and at the origin after rerlection remain approxi-
mately 1.5 to 2.0 times greater than Brode's values. The predicted cycle time
is low,but ty is predicted favorably.

CASE 3: 100 psia @i, + O, + THe - No Explosive

For this cage the initial conditions were the same &s Case 1
except that no explcsive was used unl the chamber radius was reduced to 10.0 om.
The comperison is made at ry = 1.0 cm. which for the assumed outbound trajectory
occurs at tx = 2.4U4 psec. This compares quite favorably with Brode's value of
2.22 ysec. The performance model predicts a pressure of 9330 psia at this time,
the numericael experiment gives 9000 psia. The predicted implosion and explosion
phase time are 2L.4 psec which agrees well with Brode's values of 26.7 and
27.6 usec. respectively. However the predicted temperature at tx of 25,000°K
is 40% higher tten Brode's 18,000°K. The peak values for the imploding shock
at rx, ara in very gocd agreement with Brode.

In summary, it is seen that the model gives generally realistic
values of the parareters. The accuracy for the gas case is good, the error
being generally less than ~ 15 percent. However better accuracy is to be de-
sired for the explosive parameters which at present cannot be predicted to within
~ 2. It should be noted that the value taken for ry has a strong elfect on
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from Brode. It can -be seen that the inbound snock values ‘are predlcted Very: . ) ‘
sented. On reflection hovever, the sifuation deterioriates. For Ty

situation. is a1m0s+ reversed. The problem is clea__y vith the present fépfééenta- 7‘ﬂ

the agreement. The gbove cases were compared.at iy < o/..0 to be self- - / -
consistant. If ryi were taken at twice, or half of tai s “value,. then the:”

agreemant would -change. For example, va1u~s for uhe gas case whlch were taken .
et ry =C. 5, 1.0 and 2,0 are shown in ‘Table & ‘With the correspondlng values*' - 3

S

well for aLl three cases indicating. that the 1mp1051on phasn is: n*operly repre-

predicted pressure is too low and the tempera ture too high. For Ty = 2%

tions of the reflection phase which as was -shown. previously in- Se ;245,15 not
nearly as well in hand as is the 1m91051on pnase. o - e e

3.2 Io“el of Barral Prceesses

rel, expands and acce’eratcs tne nrogeCtﬁle is very compleh. An- e act com- )

pgtatlon #oule include,the time veriation, of the gzs at the origin, -gas. chem :stry
effects, viscous and radlaulve ‘osses,‘nrodectlle f*lctlcn, aiid counter-pressure,
to mention a few. Neaeguilibriuvm cnemlcal kinetic -effects may also. have to ‘be
ircorporated since the uemnnratures are very, high and densztleo arc 1 rge enough
that ccvolume effects may become important. To account for all or" taeee effects
would be & formidable task. In the ‘preseny ana1J51s an attempt Wés made to
account for effects that cculd be handled analytically. Other factors, some - of
which (lLike radiagtion and ablat1on) gy be deainexnt. Will havv to be sfudled at

a later date. 1In %he remsinder of this .section vhe details o the assumed X~
pansion process, friction, and countar-vressure representatiochs Wll’ be discussed.

3.2,1 Assumed Expunsion Model ] ) -

The time-dependent origin conditions: are taken as the input to & B
calevlation which assumes stepwise stendy flow 2t a fixed velue of gammg. For
example, the pressure on the base of the projectile at any instant is assudied
to b~ that vhich is obtained by & constant gamma, steady~uneteady (chambq;ed)
exysnsion from the razservoir condiiion that exists at that instant of time to
the velecity which the prejsctile has at the same instant. As very short
(1 psec) time steps ure Laken in the calculation, this representation is fairly :
scceurate during the first few sycles. The projectile is still near tlie origin ;‘
and the sound speeds are swificlently high that the time for a sound wave to
travel the distance from the crigin to the projectile is small compared with the .
time over winich significent changes occur in reservoir properties. During later i:
cyeles when the projectile is far from the origin, this criteris is generally not
sstisfied. PFor lov sound spceds and long burrals it ir possible that there
may be several shock waves, representing the impulse freom several cycles, still
moving in the barrel, which have not caught up with and acted on the projectile.
However, just as the projectile is not aware of the increased pressures, by the
seite reasoning, decreased pressuces will not have had a chance to uct on the pro-
Jectile. Heace the effects are opposing and are expecied to cencel in part.

© wa e e

The chambered driver 1s accounted for by assuming a "steady-
ursteady” 29 expencion, The squations for an infinitely chawmbered gun were
published Ly ﬂ;aﬂfbo. For flow velocities less than sonic a steady expansion
Is assuned and the pressure at the projectile is given by
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22291 [] - Z:l _Ef_l J (3.13)
Porig or1g

When the projectile velocity is sonic or greater, the pressure at the projectile
is obtained through a two part expansion, i.e, a steady expansion to sonic condi-
tions folXowed by an unsteady expasnsion to the velocity of ‘nterest. The
pressure ratio across this process is

2
K’“ ) 2} pro] ] " (3.10)
o”‘ orlg

3-2.2 Analytic Representation of the Projectile Friction

The state of the friction actirg on a prcjectile in a barrel
is very complex, since in reality heat-iransfer, ablation, dynamic sliding fric-
tion and non-rigid barrel =ffects all act simultaneously., This problem has not
béen considered in any detail in the literature. However, estimates of the
fricvion force can be made from simple considerations. Since the friction
force is not a dominant one in the dynawics of the projectile, lerge percentage
errors can be tolerated in its determination without substantially effecting
the overall.performance. In Ref, 61, an analytic estimate of the friction
force is given based on a simple model. From the solution of the equation
relating the state of the stress in the projectile to the applied loads and
the requirements that the stresses aiong the axis of the projectile re finite
and that the deformation off the outside diameter of the projectile vanish, it
was shown that the normal stress at the wall are given by

P3 = Pp

. B
Pe ot B (3.15)

where p is Poisson's ratio.

For a linear pressure gradient thruugh the projectile the frictional force for
& one-caliber projectile is

_ 2 . _u P3P2
Feriet = 25 %5 140 —2 (3.16)

where f_is the coefficient of sliding friction. For the present performance
program, fg and u were both taken as 1/3, vhich is representative of u over a
wide range of materials and roughly true for the coefficient of sliding friction
at low velocitles for plastics. Hcuever, tne coefficient of sliding friction
generaully deurescses as velocity increases at least up to several thousand feet
per minute. Xor velocities greater than this, no data exists. The friction
force representation assumed here is probably larger than the actual one, hence
its effects on the finel velocity is vrobably overestimated.
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3.2.3 Analytic Representation of the Counter-Pressure

The projectile moving along the barrel acts as a piston and com-
vresses the gas shead of it vltimately creating a shock wave which travels at a
velocity in excess of the pecjicctile velocity. The shock velocities involved
are large hence the pressure hehind the shock wave can be several orders of
magnitude greater than the pressure initially in the barrel. As this pressure
acts counter to the driving pressure, it decreases the acceleration and degrades
performance. If the iiitial pressures in the barrel are kept very low this loss
due to counter-pressure can be held to a neglig:ble level. For cases where
barrel pressures must be high, for example during photographic flow studies,
this effect will degrade performance substantially.

Seigel62 has shown thet the vressure produced by an accelerating
piston can be approximated to within 10-15 percent by the pressure produced on
the piston at the same instantaneous velocity in a non-accelerating case., The
count,er pressure po can then be determined directly from the iritial pressure

and the piston (projectile) velocity, by combining the equation for the pressure
Jjump across the shock

D
2_2 2 _2
~=Z. U a (7‘17)
+ S O 7
py 7+l

with the equation for the particle velocity (piston velocity) behind the shock

u u
2. 2 _»p
T, T 7L T (3.18)
which yields
P 2(+1) (U2 2
5; = 5 \;f (3.19)

To account for the acceleration efrect in an approximate way an arbitrary factor
of 1.15 was introduced. The counter pressure equation used in this program was

P uN 2
-2 = 1.15 ﬁﬁl(i (3.20)
2% 3 a
3.3 Performance Using Gaseous Driving

The performance modzl up to this point, predicts the projectile
velocity-distance history up to two disposable constants, t*(r*) and €. If the
logic of the model is valid then these constants., which can properly be called
"system constants’, if evaluated for one case should remain valid for all other
cases and the velocities predicted should be in agreement with those obtained
experimentelly. Initially, experimentslly determined velocities for two barrel
lengths were taken as the pivotal conditions and values of ry and © were
iterated to obtain values which would match the program to the two velocities.
Unfortunately the non-linear nature of the velocity-distance profile did not
yield reasonable values for ry and & . In th. absence of any other workable
method, ry was fixed at the projectile radius and € = 0.05 was determined by
matching the program to the experimentally determined velocity of 6660 ft/sec
obtained using a 60-inch barrel, a one caliber polyethelene projectile and an
initial pressure of 300 pcia of rstoichiometric oxygen and hydrogen. This value
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is mod irconeistert with z phgsicel “feal” for z weiuvs of the deczy per cyels.

E2E It bren.megeiive or grester then I0-15 percest per oyele fEan it would kRave
Eeen siwoect.

With rx 203 8 Tived, the mwogren wee "frozen” azd performzooe
=t eccditionz evzy Srom the mivoizl conlitions cziculzted. Shows in Fig. €9 are
ihe mredfcied vaimes of oooiectile velocity Jor z gme czliber polysihelens Tre-
Sectite { o= 0.9 grevsfec) ==F €0.0 irch berrel for varicws indzizl pressvres
of stojchioneiric cvjsas 2od Eydroges, snd the experigestal vziwes Eatlerrired By
Tetem™3 for the some cmiitices. Tme sgrecient is exzet at the pivetazl eondi-
tiom o2 V) 1si, bt diverges for oiier messuzes. For rmessmres greater thzn
X0 peiz ihr preficited valnses zre grezter (Zen thoce mezstred. For pressares
less <kzn 300 osie, She erformence rolel predicts lower velocities tzan those
meesured. Thie behsvior com®d b2 czrsed by seversl fectors. For exzmle, sound
So==ds ~Hick zre too high or gZzmmes Wkich are too neer wxizy would give this
behzvigr. As wes stown in ke compzrison of the model witk Bredfe’s resuldis of
Sea. 3.1.L, the fenperzivres Besed on the modsl were oeaerclly too high for
i2e stoickiometric czze (Czse 2) z=A 2iso termzeretures were gensraily too high
if r, were mede significently lese thar 1.6 o, (rx = 0.272 in this casze). A4S
there 35 o way o imprure ihese values a2t mresent, the prediciion must stand
on its oW merit, watil further informeticn 23lows the model o be refined.

Flotted in Pig. 6L are predicied projectile velocities For
initial mressures of 260 and H00 psiz for 2 range of &ilutivzs of 6> > 0 2ud
2> m> 0. The experirextz) dztaz is from Bef. €3. If is seex thet 2t the
soickiozetric conditioss (n = m = O) that the medicted velocity a2t 200 psia
is kigper thzn the cezsured valocity and vise versz for toe 200 psiz value,

25 wzs sbown previously. IT is also ceen that the decreazse in velocity that
occars for rExturss away friem stoichiczeiric predicted by the wodel is cuch
Zresztor than thet which is doserved. Tee “jog© in the curve for the 200 psi
czse is the result of zn increzse iz the musber of cytles experierced by the
projzciile as the @ilation is ircreaseé for this berrel lepgih. As Ttie
@ilution is increazsed, the cycle tize éecrezses mekirng it rossibie for the
prajeciile Lo expericnce an a2éédiiicnzl cyele belfore it lezves ike barrel. For
the %0D psi case, for these imitizd conditions, the muzber of cycles (&) was
the sace {11) for 211 of ize diluiions and no "jog" zppears in che predicied
cu-ve. The dzta of Ref. H3 aiso irdicaies 2 scooth transition frox detonating
cozbustion, indicaved by the f£illed sycbols ard deflagraiing coxbusiion,
indicated by %he coen syzbols, and would suggest thei the projectile velocily
for gas driven runs is independent of the code of cozbustion. This poini Is
ciscussed furtber in Sec. 3.5.

n

=

The difference between predicied and measured trenéswith
Jilution ean be explained partly from cycle time considerations. Ir Fig. 62
the predicied cycle time is tletied versus dilution index and compared with
the zeasured »3cte times of 2ef. 63. It can be seen that the pradicted times
are to0o long by fechors rangiag from 1.3 to 2.0, and that the decrease in
cycle time with diiutiou is not aneguately described. Reczll that, as the
cycis tiue de~reases more iwpuises wiil be felt by the projectile for a given
time (or barrw?! lenizth) hence its muzzle velocity will be greater. The rapid
decrease iu ayc:. tim: observed in practice tends to counter the velocity
drop due to Jilution effzchs aione by increasing the number of cycles that are
experienced by thke nrcjectile. From a clese scrutiny of the data it can e
seen that for th. «J0 psia case for example, that "jogs" occur in the measured
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velpes 2zt n = & 223 n» = 2. el o=y e Se resulf of afSitionzld cycles Deing
axperierced Dy the rojectils. Fowsver more dztz will be recuirsd, pertdczerly
et imgermedizte valves of diluiien Ixdswx, £0 resolse tids poizt. IE stomid Be
clezr tkzt pzry of the diccrepeacy in the predicted perfornzoce with dilmtiom
cores from the Imabilicy of the preseoi mpEal To zocurziely mredict ke cyTie
ime verizticn with 33lutica. Thv rezsos for the poor eycle time predicticn is
ot clser =t presext.

(%1

Filctied in Mg, 63. are tre messured ard jredicted srojectile
velgcities a2s 2 fooctics of barrel lempn for the szre mojeciile ams Darrel
as uvsed previously zv imitial presstre L 200, 30D azd EOC peiz. The domdsive
tyze of loefing of the iuslosion lzroprer is znperent Irom the figire. The
dzrgest Zreczticn Of Thz velesity Increzce per cycle is fell during the first
fex microseconis of ezen eyele. For £a= remsirder of the cycle, (e prssstrs
f21le very rzpidly (%‘3/2), the velocity imerease is very sm=2ll =rd £he pro-

Jectile virtu=d1ly “cossis” alemy. s zecele ation wofile is very urfesirebls
znd gggreveies &2 projectile imicegrity prodler bei is Inkerent in this type of
izmncker. To obtzin evan velociiies of the oxder of 8000 feei por sscond using
2 60-inch barrel znd & EGO s stoickicmetric oxygen-kEydrogen uizture, sz,

]
recuires z pezk g ioz@ing cf 7.2 x 0P g's. An ecrivalent concizst bHase pressurs
cese wWouid reguire only 2 x igd g£°s €0 cdizin tke szre velocity, more Than zn
order of sezgritvdz less in zcceleraiion. kexmce it should be clezr izt the pro-
jectile iniogrity recuireceris will pe cossideredly corce strimgert for tkls tyde
Izmmmerner than ir 2 copvertionzl constant base mressure light gze gun. This dis-
contirtous veiocivy-diswance Dehavior ray explzin some of the zeztier Iz fke
ézta of Pef. £3. since sz2l]) variations ip fechnigus if they coineide with
conditions near The Seginming 0f 2 cyele, can protuce sibsizniizl veristions iz
velocity. In this respeci. cozparing the dzte with a2 welosity banit 8efized by
smooth curvesthrough the curve exireses is rrcozdly core meazningful, than oo~
rering if direcily with Tie éisccnaiinuous curve.

Flotted in Fig. & are the ceasvred azd predicieé projectile vel-
ocities as z fumetion of projeciile depsity, for .22 inck diazeter, one caliber
projeciiles using an initial driving cixture of stoichiozetric oxygen auad Lyéro-
gen 2% 100 and 200 psia. The daia correspords tc polyethylens (p = 0,92 gras:s/cc)
and teflon (p = 2.15 gracsfce) projeciiles and is froo Ref. 63. The zbsolute
value of velceily for any particular density is 20-%0 percent low as could be
seen from the mevious figures. However, the trend with density is described
reasonably +ell by the bpresent model.

In summary, it is seen tnat the predicted values of velocity are
generally realistic for thz ges case although better precision is certainly to
ve desired. How much of the egreement is due to the judicious choice of the
pivotel condition cannot be determined from the presently availabie information.
This and tke other guestions wilil be resolved and the model coisequently improved
hy adéitional nuaerical solutions that will allow better resolution of the de-
‘ails of the chamber dynamics than czn be obtained from the three rumerical
cases presently aveilable. The development of complete nuamerical analysis is
presently in progress at UTIAS and is expected to be ready in the near future,
at whica time meny of these questicns can be answered.

3.4 Performance Using Explosive Driving

The crucial test of the implesion driven launcher is the proof-
firing using expiosive-driven implosion waves., While explosive-driven runs
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1

Zarte Dren made, Shey bave Dees dose wilh such smell mwos of expliosive bacanss
of Skaadzr Mimitstions {ze< Ssc. 5.1.2)} thet gemuine bypervelocities, (30,000
%o SD_000 fest wor second) hzve not been obieired o dzte. In £k2 shoance of
aay TEredt” rams, exiraseiztions mest be medes to oxplosive loadinge in excess
of {kose softaily we=d. ExEls this is oot coupletely sziisfzcliory, the frends
moing comserveiive extrapcleiions do aliow & fairly ciezr picture of thz per-
foroemee F thiz driving coosept to Be m=ds.

Puwo tyzes ¢f exsicsive drives runs bhove Deen mada, The first
series using Rezd 2zide 2s e explosive linsr was fermirsted after the razerd
of veing this malterizl was poinded omé. Work was then direcled fo odizirinmg 2
czfe explosave limer, After a IR forumlztion was dszvelopsd thzt would Jelonzie
s ths gesired ingtizl preszure znother series of rums was mzie psing the FREN
Iivesr-, 'The Tw0 szries of rungs wiil now D2 discussed.

352 Eexi 27ife Puxs

In the discussiocn of t{ze Tesults of the explosive icitiation -
study in See. B, 3£ will be shown £het lezd zzide hss meaoy proveriies that
zz2ke it 2 very desirsgble caterial for wee in gezeraiing implosiops. Unfortuzately,

- - Z - s rAn - - - -
as pointed cubt to tre awihor by DuffC?, Eayzlick®?. and Ezuffeen®™) even in a

sivrry with wzter, ip which form it was previcusly fhougit Lo be ralziively safe,
the hezerd of vsing this czferiel is such as to preclude 3ts use on z ézy Do

g2y Basisin zny smount over 2 few hrodred miliigrazs. AL ke time ihe hzzerd
wzs piinted cut, 2 series of runs 1o devermipe lzuncher serforzansce ¥as underwzy.

A
2
;‘5
3
e
2
5
B
A
§
3
3
g
2
:
E
3
E
!
b

4
§
?%
N
i
.

2 {ve series, five bzd 2irezdy been run., Hnile the series was fmmediately

terzinzted and po furfhner ruxs hzove been cade using ifkis explosive, the dziz

cotained frox the runs bzve been of copsiderable weliue in uvrdersiancing 2zd
evaiuztinz the irplosion Griver. Froxz azn initiziion peint of view, inese tesis :
ave closest tc the ideal since fhe lsad azide has been Zoun? to be iniijsted 9
virtually insiznizpeousiy at tThe conlitions imvesifigaied {100 psig - sea Sseeo, e
E.7.5) hence effecis Gue o ignition delay 2re zbsent. a
Buring tkis series of rums, zz instruzenizbion limitation was g
uncovered. The then existing velocity messuring sysien was fouznd te be iztep- E
abie of detecting the (.22 dizmeier zrojectiles at velogities over ~ S00D f‘,—’sec. §
As a result, 2 direct measurement of wvelcciiy ses cbizined oniy for the single é‘
91 g (wet) charge of lead azide. 213 ithe other velocities were inferred from g
cratei ,,%epgh measurezents on lead targeis Xngwing ihat the penetrztion varied as 3
Voroi ' s 7. The peastration izw was verified by the penetraticn 4afe that !
were avilable at this laborziory at the time. Since thal time,the velocily g
measuring system has been repiaced by one capable of detecling projectiies 2
well in eicess of any velocities contemplated at this time. Lience thig indirect g
velocity ceasuring method is no> longer used. The peretration data and the 2
assumed exwrapolation are shown in Fig. 65. The extrapolation ic feit to be - 3

censervative. The projectile velcocities obiained from the lead azide runs are
tebulated in Table 9 and are plotted in Fig. %6.

VAL RY R

Vhile there are only & data points involived, when cowpared wi*h
the predicted velocities, and analyzed in light of the present understanding of
the implosion driving processes they are very useful in assessing the velidity
of the implosion driving concept. Also plotted in Fig. €6 are several zuxiliary
curves which will aid in the understanding of the implosion driven launcher.

The results and predictions of the stoichiometric gas case are also plotted in
Fig.bh for comparisorn. For the gas case, a single value of energy is sufficient
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t0 czizgorize the problsm 0 there is no znbigedty im the interpretzfiion OF £ks
dztz. ZFor the explosive ruws, the Jziz kzs been plotied versus the ensrzy coze
tent of the explocive imsr oz2ly, zs indiczted by the Filied symbols zxnd eise
tke total ensrzy {gzc snerzy pius explosive ensrgy) in the chzrher as irdicsfed
by tke open syzhols. In the 2hrence of zoy otkher izformsiicm the éatz eppears
to define two strzignt lines., Wnile there ic po azbiguity im using the lower
ezd of tre cvrves, whickh curve 1o exirzpolzte To uss for the higher esd £g not
clear from the &ztz 2lcoze. Fiotied zlso ir Pig. €5 zre tze predicted vslues of
velornity based oo the toial {gassexplosive) energy. Wnile the zbsoluie valge

of tke predicted velooiiles is ~ 1.5 times those mezsvred, the {heory clearly
ingiczies teeh a2 cwrved Iine in this piane is €6 be expecied up to Tofzl energies
cf at icast ~ 60 Xcz). For toizi emergies greater tham 60 keai., 2 siraight

line relzting velocity to the sguare ront of epsrsy is indiczfed.

I% shorld be moted thel the predicted perfarrcance hreo 2 very flst
siope for the iritizl pori of fhe cuwrve indiczfing thai large percentage gzins
czr be ovtaired Zfor relziively sc=)? zzounts of expiosive. Part of this is Jue
€o the in=b53il3iy of the present colel to meke 2 suooth transition batweén a
"gas only” znd a» explosive drivern case. Lowvsver, the dzie indicafes that this
is 2zt least 3n peri trus, <inecz ths slope of the expericentzl curve is indtiaily
very fzyvarzbie. For thes higher iofizl ercrgies the predicted velosities tecoze
proportionzl to the scguare root of the igisl epergy. Tke rredicied velocities
zre seen to be zbout 50% grezier than those zetuaily obtairned indicaiing either
that losses wnich hzve rot bteer considered in the perforcance program or which
hexve beer underesticaied, arzs presenc or that betier performazce could be obizired
if expericentai losses. such as gas "blowr by™, for exampie, could be overcorze.
Using =3 extrapo ~tion frox the iwo highest energy debz points inGicates that
350 keal of erergy is reguired Lo razeh 50 300 fﬁ/sec for this projectiie and
a2 69-inch barrei. As zzn be sesn from the explosive weight scale, this
correspends to an zxplozive weighi of 2,630 kilggrame, which for iead azide
would yield 2 iirner thickness of 0.985 inches. Izcreased radiative losses at
the higher temperaiurss igp.ied by this total erergy, may make this extrapoiction
optimistic. For exazpie, tha calcuisted pezk tempsrature for & run using 1020 Kg
liner of lead z2zide is 2.7 x 10° OK. AL these temperatures radiative losses
would e expecied to demiraie the entire flow., More accurztely, the radiative
losses will proosbly not sermit the temperatures (and pressures) %o reacn this
level. The calculated maximis pressure and temperature reached at ry Guring the
explosive driven firsi eyelile is aisc incluiled ip Taeble 9, and indicates the
degree of severiiy of tre euvironicent that the projeetile must survive alb=it
for only a short perind cf +:

e wellfl e

Also ghown in this figure is she predicted velocity for a 500 rsi
cese. It has essentially the same shape as the 100 psi curve except that it _s
translated up and to the -~ight, orn this plane, indicating that better performance
could be obtained for using higher initial pressures., This point will be
investigated in fortiicoming experimental work.

A very significeant point concerning the overall performance of
an implesion launcher is brought out in this figure. Recall in the gas driven
runs that the velocities obtained for detonation and deflagration combustion
runs were almost identical indicating that the effect of the mode of combustion
on performance was unimportant. (It wili be shown in Sec. 3.5 that this was the
result of a fortuitous cheice of operating parameters.) In general, the implosion
driven launcher is very sensitive to the mode of energy additicn. For example,
from the figure it can be szen that if, say 45 kilocalories of energy is re-
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2 ieased in 2 ges run (260 psi) tke reswviting mrojectile velocity will be - fpwi.

If Cke szze zoouni of energy is relezsed, bat in 2 1:1 rectio of gas ereryy to
3 explosive ezergy (300 psi ges 2nd ~ 200 grass of lsed azide), ~ 1L 000 £ is
3 obtaired, 2.4 £imes 25 grezi. Clezrly the method by which the energy is addad

2 ka2s coznsiderzble Bearizg on the respliing velociiy.-

£leo skhown Ir tkis figure is the mrojeciile enmergy in il
czlories, corresconding to the velocity for a 0.22 dizzeter, simgle-czlider,
volyrthylene projactile, anda grid Indicating the percent of foizl eneigy that
is tramsferred to tke mrojectile. If is sean that the overail efficismey
of the izumcker is very low. For gas cases, only 0.1 £p 0.2 percent 7Y The teial
. erergy is transferred to t&= projectile. For {he explosive rums it storts at

~ 0.2 percent for neglicivle zwounts of explosive and ingrezses as tie fotzl
ecergy increzses but asycplotically zuprozckhss & caxirmm of ~ 3 percent when
the explosive ezergy becores ruch grezter thzs the gas energy. If wouid appear
thet {2e efficiency cay improve with irncreasimg initial pressure as evidenced

Dy tke higher asymptote of the 500 psiz curve.

o

% t should Do clear from the discussion at this point that there
; are possibilities for optimizirg The performance of {he launcher which hzve not
4 been exezmined, and thzt the lzuncher rerforcance cay ve substantially icproved
by using outicized conditions. Presently an optimization study Is being done
at UFIAS™ and recults are expecied to be relezsed in =id 1967 in a separaie
Tublicstion.

3.k.2 X Brperizents

£fter “he bkazard of using lead z2zide was pointed out 2 renewed
effort was made a2t develoving a safe explosive liper. In Sec. 4 it is shown,
:} that afver further stiiy severzal additionzl explosive forculations were Tound
that h24 the required properties ard wnich were safe to use. Of these FETH
was selected as being the cost premising for use with the implosion driver.
£11 of the subsequent implosion work has been done with this explosive.

erl=cets of the variocus operating parameters and to "proof” fire the gun. How-
ever, it wvelame clear after only several runs had beer made, that a2 number of

new problems had besn uncovered. The high energy density of PETH (~ 10 times
that of lead azide) made it impossible to make liners thin enough to be com-
parable to the lead azide in energy. For example, a PETH liner conizining 25
kilo-calories (equivalent to ~ 200 grams of P), Hg) would be 0.021. inches thick.

_ Maintaining unirormity of thickness in dimensions of this order ir beyond pre-

i3 sent capabilities. In practice, the minimum thickness that can te manufactured
ki reliebly is ~ 0.090 inches, which corresponds to a total energy of ~ 100 kilo- -
3 calcries. Aaticipated erosicn and damage to the barrel (examples of whirh

are shown in Sec. 5) made it necessary to design an expendable barrel cade of
thick w»all tubing. However barrel straightness and finish were downgraied and
bore sizes of only nominal 5/16 and 3/16 inches could be obtaiaed. nuwever,

the barrels could be made much longer. As virtually all of the operating para-
meters, including initial pressure, length, bore, explosive were changed, a
direct comparison of the FETN runs with the previous runs is not possible and

the FETN data must be considered separately., Liners of nominal 80 and 200 grams
were manufacturea and run. The results of the experiments are tabulated in Table
JO.

|
Fs
A An exyeriwental program was planned which was to determine the
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Toe Tirst run (¥o. 205) using an 81.3 graz Iiner of IETN aznd
pocinal 5/16 ipekh dizmster Doiyethylene projectile resulted in z ceasured
velocity of 17,650 feet Der second, slightly less than ope half the Dredictel
velus. The crater mzde in the lead icpect piete suggested that the projectile
was badly distorted if not in frayrents. However, po photogrash «as obtaireld
of the projectile ip flight so the condition of the projectile cannot be
positively identified. Subseguently z runm (¥o. 213) using = 91.5 grax liner of
EZIN resulited in 2 ceasured velocity of 10,520 feet Ter secord., Tpe erzfer
left by the icpact is shown in Fig. 67. The projeciile as shown in Pig. 63
has deforued substantially taking on 2 “1iquid” shape and separated into
several szzller pieces. Rums zi 200.% (Run ¥o. 209) zna 213.8 gra=s (Run ¥o.
210) yielded no veloeity ceasurezent .Pastographs of the projectile in flight,
shoxa in Fig. 69, and the icpect Diate, shown in Pig. 70, indicate complete
brealtup of the rodel.

Mzgresium projectiles were ihen sulistituted ip an attempt to
“ind a2 projectiie configuration which would survive the launch., Unfortunzately
the higher density zlso degraded the velocity performance. A 76.3 gram run
(Ror Fo. 21%) resulted ir an intact projectile, as noted photographically and
s «videnced by = sirgle large creter at the impact plate (Fig. T1). However
2 run using 2 96.8 gram lirer (Run lo. 219) resulted in failure of the projectile.
Two additional russ ot nominal 7C grams of FETE, (Kos. 215 and 216) but vsing a
0.187 inch bore barrel in an attermpt to regain the velocity performance resulted
in fragmented projectiles.

& Tiberglass projectile made from a rod with fibers running
longitudirally and having 2 depsity of 1.5 grams/cc was fabricated. A run using

90.8 grams of FETH (Io. 2i8) resulted in 2 measured velocity of 11,1C0 feet per
second but the photogr

arh cf the projectile in Tlight, shown in Fig. 72 shows
that tkhe epoxy which binds the fiters together has failed altheegk the fibers
are substantially intact.

A stainless sieel projectile (p = 5.5 g/cc) using a 74.0 gram
FETN liner (Run No. 217) znd a 0.187 barrel resulted ir an intact projectile
hewever, the velocity was only 3,750 feet per second.

As a result of this data, proof runs at hypervelocities have been
temporarily suspended Tending the sclution of the rrojectile integrity problem.
This problem which is ¢ rently under intensive study will be treated in a
separate report by Graf 9. ¥nile no specific recommendations can be made at
this time, it appears that part of the problem at least is due to the present
straightness and finisk of the thick wall tubing barrels which are not as well
finished as the smooth hore 0,722 inch barrels. This point is supported by the
fact that polyethylene projectiles survived intact launches to 15,000 ft per
second in the 0.22 inch barrels while they failed at lower velocities in the
5/16 inch thick wall tubing barrels. However, it is possible that the lower
velocities are an effect of the failure rather than the cause of it. Present
work on improving barrel condition will resolve this point.

63

NPT

-

. N

o ®

.~

P U VY

- ety

' . .
ot ta bt o dud Y ek AL Recdie fand U nd TRb A A 'J.}\‘ %y uishand

[ESPY  TW T T VTN

s cex bt v roanakodes wxae s g aBew as L

el trea urea 1



bpv. o

Sorewatisk

~ 3 e o AR AR S

e mhae

™Y

3.5 "£Everzge Base Pressure”™ .Lonsiderations

Soze insight into tke perforcence zdvantages and diszdventzges
¢f an izplosion-driven gun can be bad froz an anzlysis of the "average pressure"
Gver 2 cycle assuzing that veriations over the projeciile radius, finite sound
speed effects and other such cooplications can be neglected. The aquivalent
co~st@au pressure which will yield the same icpulse as the tize varying pressure
of tke immlosion driver can be found as follows. The value of the "average"
oressure will vary depending o¢p tke tice over which the averzge is taken.
For long tires i.e., where the nurber of cycles {¥) is large the everage is given
oy

1i 1 [ feve

im = o

N | o(t) 4t =1 (3.21)
T U

Using the "flat top” pressure profile technique to avoid the singularity at
£t =0. i.e., t2king

Z,
o(t) =k 2t << toye (3.22)
3/2
wkcere K= g*t*j/

and is fixed for a given chamber radius, explosive loadirg etc. and integrating

yields - L
D tx
. > [3 o (3.23)
% cye cyc

This relation is plotted in Fig. 73. It can be seen from the flgure that the
average Dressure varies considerably céepending on the vaiue of t+ toye - Tor
teye = tx the average pressure and the characteristic pressure are 1Xentical.
The average pressure then decreases as t*/tcyc decreases and for t, << t varies

as
¥

const — (3.24)
cycle

The implication of this result is quite clear. If large values of aversge
pressure are to be produced then t*/tc.c should be as large as rossible. In
terms of the physical variables this shows that if the cycle time which is a
function of the chamber size and the average wave velocity is lerge then the
average value of presswre will be low for ty fixed. Clearly small chambers and
high sound speed gases are desirable.

For cases where t*/tc ¢ << 1 then the average pressure over &
cycle will be only a small fraction of the pressure p,. For prachical cases,
where the maximum pressure is limited by projectile or other conviderations, a
very serious limitation will be placed on the performance. From the inverse
point of view, the projectile strength requirements can be cevorval orders of
magnitude greater than an eguivalent (in velocity per.oruance) conventional
constant base pressure gun requirements,

Cne prgviously unexplained result of the gaseous detonation runs
is now clear. Watson™- found that the velocities for dilutions which could be

6l
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rade to either detonzte or deflegrate depending cn tke violence‘?f the ignition
(szeli capsules of lead azide were used to detonate z mixtu;e 3?1Ch would qthar-
wise nave deflagrazied) were reacly the same. This is possible if ihe cycleé
tize is such as to make the - crage pressure be nearly equal to the sceady
pressure that would be obtaiisd in constent volure coszbustion.

For instarce, for a2 H = 7 mixture initially at 190 p§ia ginoitTO
predicts an average value of pressure afier constant volume combustion of 893
psi. Extrapolating Watson's cycle-tize data to this canditlop vields a cyc}e
%ime of 55 psec. Ii we assume tx = 2.5 psec i.e., t*/tc = 045 fpen fgomr?lg.
73, B/px = 0.116 and si..2 at ©x, Dy = 7220 psi it follows that B = 83 §s1
or rougkly the constant volums combustion value. Therg are of course oE er
effects which are neglec~<. here. However, the poiit is made tyat for the gas
cases at hand, the average pressure over z cycle in the detonation case and the
pressure in the constant volume case are very nearly the same, Lence the resuli-
ing perforeonce will bte very similer,

4. ONE-DIMENSIONAL EXPLOSIVE INITIATION STUDIES

As noted in the introduction, the key technical obstacle to be
overcome in the development cf the Implosion-Driven Launcher was the simultaneous
and uniform initiation of the explosive liner which generates the imploding shock
wave, If this could not be accompliched, then little hope could be held for
holding the high degree of syumetry which is reguired if the high pressures and
temperatures at the origin predicted by the theory are to be realized. Accord-
ingly, considerable effort has gcne ir%o sclving this particular problem. In
this section the problem will be discussed in detail, some pertinent initiation
theories reviewed, and results of Past stvdies at UFIAS reviewed. The resulis
of 2 new study are considered at length and finally the feasibility of gas de-
tonation wave initiated, explosive-driven imploding waves is demonstrated.-

L.1 Specification of the Problem

t is worthwhile to enumerate and discusuy the propericies that the
explosive liner must have if it is to be useful in this spplication,

1, The explosive energy release must be nearly instantaneous and
uniform over the entire liner surface. While this implies deicnation of the
explosive and negates deillagration, it does not necessarily imply full ideal
detonation velocity. For example, even if ideal detonation velocity is not
reached in the liner (in fact it is to be expected that this will not ocewur in
the thin liners involveu, except for perhaps primery explosives such as lead
azide, which have extremely short induction dictances) the energy release must
occur over a short time scale comp:ired to the time scale of the motion of the
reflected shock. This requirewent can be stated formally. The %ime it %takes
for the reflected shock to move a Jistance characterised by the thickness of
the explosive must be of the same order or longer than the time required for the
detonation wave to propagate through the explosive

U
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Since the sdéllest valne of the reflected wave velocity i.e., that for the
reflection. of a gaseous- detonatlon‘waye is for stoichiometric oxygen-hydrogen

mlxtLres,’~ 2.0 kilometers per second (Sec. 4.7), then

)

R TS L AT Z (1L T Y R T W)

e o D > 2.0 kilometers per second (1.3)
Since the full 1deal detonation wave velocity for explosives is in the range 3
to 10 kilom. ters per second, T1 it is see.: that this requirement is easily
satisfied"- -even if only two-thirds of the ideal detonation wave velceity 1is
reached, .naeed for some explosives where D is of the order of 15 kilometers
per second then > ug and the explosive can be assumed to datonate B
1nstantang:usly; Deflagra ing conditions which have wave velocities of the
order of 10 millimeters per second!~, that is to say, sevyeral orders of magni-
tude less “han the detoration wave velocities, can immediately be disgualified
for this reason. Further if there is a delay time characteristic of the time
to transit to-a detonation say, this must be sufficiently small that the reflect-
ed vave has not propagated away from the explosive surface a few times the dis-
: tauce of the explosive thickness. Again since the initial reflected wvave velocity
; is of the order of 2 mm/usec and since the explosive thickness contemplated are ,
?g 0.1 to 0.5 inches (2.5 to 13 mm) then the delay times must not be more than ‘

S IO e R M e AT s

~ 5-10 psec,

S Vrem i R

'y

*Z. If gaseous detonation waves are to be used as the initiation
mechanism then the initial pressure in the unburned gaseous mixture must be

or the order of ~ 10-50 atm. The post detonation pressure in the steady - at
rest central regicn, prior to the jmplosion, is about 5 times the initial load-
ing pressure, hence thes imploding shwock sees a hot gas at rest with an initial
pressure of ~ 50-250 a:mospheres. Too great an initial pressure would mean that
the relative strength of the imploding wave i.e., its shock Mach number, would
be reduced substantially hence the teuperature and escape speed would be re-
duced significantly. If the explosive is initiated in some other manner as for
instance by light initiation, this requirement must be modified accordingly.

S S e s 2oy 38
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3. The explosive liner must be completely safe to handle, insensitive
to small jolts such as would be experienced in transporting the liner from the
magazine, or installiug it in the chamber. This is of particular importance
since the liner, which weighs about one pound in its present configuration,
would cause fatal injuries to personnel and considerable damage to equipment
in the viecinity if it were to detonate accidentally. It will be shown below
that several explosive materials which, although ideal in all other respects,
are too hazaruots to use in an operational situation, although they were tested :

.n o carefully controlled series of experiments.

AR AT A

L, The liner must have sufficient mechanical sirength to hold its

shape during transportation, evacuation and pressurization of the chamber. The
2xplosive need not necessarily have mechanical strength itself provided it can
be attached to, and will remain attached to a carrier which will provide the

necessary shape. i
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5. The explosive must be capable of withstanding the evacuation,
and pressurization process without igniting or decomposing.
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6. The explosive must be sufficiently homogeneous so as not to’
introduce significant nonuniformites in the symmetric impioding shock. This
is varticularly important since it is possible that srherical imploding shocks
may be unstable to smell disturbances, hence nonuniformites in the shock sur-
face would be magnified during the iwmplosion process.

7. The explosive liner assembly must be relatively inexpensive,

This implies that the explosive must in turn be inexpengive and that the fabri-
cation technique must not be overly complex.

Of the above seven, the most stringent is the initiation require-
ment.

k.2 Review of Initiation Thecries

) In this section some pertinent initiation theories are reviewed
and interpreted in light of the present requirements. Historically, the study
of the sensitivity of explosives to %nltlatlop has been on an empirical bases.
Up until World War II, the drop test’2 was the standard of reference. In this
test a small sample of the explosive to be investigated was placed between two
metal cylinders and clamped in such a2 manner as to allow the free vertical move-
ment of the upper cylinder. A known mass was thean dropped onto the cylinders
from a predetermined height and initiation or failure to initiate noted. Some
typical values of critical impact erergy obtained using this type of apparatus
are given in Table 1l for some ccmmon explosives. While this test offers some
qualitative measure of the sensitivity, i.e., TNT is found to be less sensitive
than lead azide, for example, it does nct give any detailed knowledge of the

physical processes of initiation, and hence can give only qualitative informa-
tion for our present purpose.
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A major effort was made during World War II to understand the
phyvsics of initiation. While some progress was made it is only in the last
decade that guantitative predictions of sensitivity have been wmade, and then
unfortunately only for a very few explosives. The phenomena of initiation can
ke separated into two distinct types, init%gt%gn from weak sources such as flames,
of which the werks of Bowden and coworkers offer mu.h information, and
shock initiation. Historically initiation from a flame front and_the subse-
quent transition to detonation was first studied by Kistiakowsky75 and Ubbelohde76.
While some of the details of their hypothesis have been subsequently rejected,
the concept is generally accepted and later works have been essentially exten-
sions and refinements. They consider the case of a deflagration occurring at
a point in the interior of a mass of explosive. As the flame front propagates
into the material, precsure and thermal gradients dzvelop. After a sufficient
length of time or distance into the explosives, *+}'ls process accelerates because
the reaction rates are very temperature sensitive and very steep gradients
(shocks) develop. Behind these shocks the pressure and temperature conditions
are such that the reaction time becomes sufficiently snort, that it is no longer ;
the limiting factor in the process and a steady state deLunatlon (shock wave
followed immediately by a thin reaction zone) develops. The concept of a
critical size or critical length to detonate follows immediately from the above.
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The distance to transit from a deflagration to a detonation is
much larger than the explcsive thickness contemplated for the implosion launcher /
(0.1 - 0.5 irches). Fcr example Gipson and Macek?7 have measured flame-initiation- :
to-detonation induction distances of from 6 to 18 cm. for DINA and Pentolite when '
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initiatéd by nichrome wires, and Griffith and Groocock78 have measured burning
rates of 0.8 mm/usec for 100 psec (8.0 cm.) for grenular PETN (p = 1.2 g/cc).
These distances aresbont an order of magnitude greater than those required for
the implGSioa driven launcher, hence this mode of ignition does appear to be
practical here. '

The later stage of the above, where a shock propagates into the
explosive and the conditions behind the transmitted shock are sufficiently strong
to initiate and support the reaction, a detonation wave will result. If less
than a.critical value, the shock will decay and a deflagration wave will result.

The "gap test"79, which has'replaced the impact test as the
commonly accepted measure of sensitivity, is essentially a controlled shock
initiation test. For this test a donor (standardized NOL donor, shown in Fig.
T4, is a tetryl charge, p = 1.51 g/cc, 5.08 cm. in diameter by 5.08 cm. long)
is spaced a known but variable distance from an acceptor charge. This dimension
or the material filling the gap, typically lucite or cellulose acetate, is
varied to attenuate thé shock produced by the donor. Detonation or absence of
detonation in the acceptor after a given length is implied by the distortion or
absence of distortion of a mild steel witness plate at the further end of the
acceptor.

The peak shock pressures applied to the acceptgs Ed the time
history have only been recently calculated for the shock test.o0s These pro-
files are known with reasonable precision, hence the test can be considered
calibrated in an absolute sense, However, the range of donor dimensions (i.e.,
pressure profiles) and acceptor dimensions investigated has been relatively
small and while good absolute values are obtainable, they are not in a pressure
range that is of immediate interest for the present work, being several orders
of magnitude greater than those produced by an impinging gaseous detonation
wave. This limitation of the "gap test" has been realized by workers in this
Tield and interest in the problem of shock loading at much lower pressures than
those produced in the donor - acceptor test, has been revived of late after a
dormant period of ~ 20 years. The first reported work (1939} using ggseous
detonation waves to initiate explosives was that of Andreev and Maslov "~ who
investigated the sensitivity to initiation of detonation waves of PETN, tebtryl,
ricric acid, blasting gelatin and lead azide.

Presently the revival of interest in this acea (Refs. 83, 8k,
85 for example) has been concentrated on propellenis where the emphasis is on
finding materials which will not detonate under these high pressure gas loadings
vather than those which will, hence this information is not generally of direct
use to the specific problem here.

Andreev and Maslov's explosive studies were done in an apparatus
similar to the cne-dimensional chamber presently used at UTIAS (see Sec. 4.3)
except that the total length was greater by a factor of 10, (one meter). As
a result their pressures time histories are extended in vime. However, it is
interesting to note that their pressure limitsto detonste FETN pressings are
substantially the same as those mearured at UTIAS i.e., 10 atm for their work as
compared with ~7 atm for the UTJAS tests. This observed insensitivity of
expiosive initiation to length of time of pulse application can be understood
in the light of some recent studies of the initiation process.
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Shock Initiation Celculations

Much insight into the initggtion process has been given recently
by an original work of Hubbard and Johnson™-. They set up a one-dimensional time
dependant, hydrodynamic, numerical code in which the temperature dependant
chemical reaction rates were accounted for, and applied this tc the problem of
a shock propagating into a semi-infinite explosive. By integrating the equations
numerically for several pressure-time history inputs they were abie to watch
the progress of a shock in the material and the subsequent transition to a
detonation or deflagration. They assumed an unreacted eguation of state of a

form that includes covolume effects, i.e.,

p(v-b) = (y-1)e (4.k)

where, 7 = 3.0
b = 0.25 cm3/gram

and a chemical reaction rate of the form

n
g = v(1-f)"exp(-E,/RT) (.5)
where, = collision rate = 10M* sec™!
f = fraction burned
n = reaction order = 1
E, = reaction energy - 4 Keal/mole
with
e = CVT
where,

¢, =0.30 cal/g®K

While these values are generally representative of explosives, together they
produce somewhat unrealistic parameters such as a detonation velocity of 13.6
cm/usec. The value of these numerical experiments is not in the absolute values
of calculated results but rather that they show clearly the dynamic behavior of

the transition process i.,e., transition to detonation or decay to deflagration,as a
function of the initisl loading conditions.

In Fig. 75b are plotted pressure profiles av three instants of
time following the application of a square wave of 105 atm amplitude for 0.69
usec. At a point in the explosive, x ~ 0.2 cm, the temperature-time conditions
have been such that energy is liberated at a rate faster than. it can be conducted
away. The pressure and vemperature increase vary rapidly to a point such that
0.2 psec later (at 1.0 psec) a steady detonation wave has developed. In Fig.
T5a are also plotted pressure profiles for the same instants of time, for the
same pressure, but of 0.64 pusec duration, 0.05 psec shorter than the previous
case. In this case, the temperature time history is such ihat the reaction does
not "run away" and the pressure wave decays to a deflagration wave. It should
be pointed out that the 10”7 atmosphere pressure amplitude was chosen to produce
detonations in a reasonable computing time, and was sufficiently low so as ncb
to overdrive the detonation. It should not be taken as reprecsentative of any
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Jimiting or critical pressure. From an zn2lysis of a mucber of sumericel experi-
rents such as- these the physics of the problem appears. For = short period of
time after the shock passes an elerent, little energy is liberated as evidenced
by theé slow increase in pressure, 4After & certain delsy or incubation time the
energy is released@ progressively faster until the rate reaches tlat necessary to
support the detonation velocity. This delay is a direct consecuence of the
sensitivity of the reaction rates with temperature. After one element detonates
the Ligh pressuvres produced quickly ignite the adjacent element with so incu-~
bation time and a sieady detonetion wave is produced. The functional dependence
of the deilay time cn the other parameters is given by Hubbard and Joknson as

1
tipeun/T = r=u exp ¢ (k.6)
C, E
v g
whers d =
‘ RE
o
Cv Ea -1
and T = —f— (vo)
Eo = energy behind the shock

There is a characteristic time 7, which is a function solely of the properties

of the explosive but that the fraction of this characteristic time which is

taken to produce transition in a specific case depends on a factor containing

E°2 and an exponential also containing E,. E_ is the energy state in the shocked
explosive hence is a function of the strength of the transmitted shock. Clearly
strong shocks decrease the incubation time and vise versa until that level of
weakness is reached which will not initiate a detonation iu an infinitely long
specimen.

In order to obtain absolute values for the incubation time tipcubs
not only must the usual properties of the explosive be known such as EV, Q, etc
but also the unreacted Hugonoit. Generally, unreacting Lugonoit's are only
presently being sought and reliable detailed information is scarce, Further
many explosives are inhomogeneous containing vcicds and grains of finite size
vhich regates a continuum approach. A comparison with some ivitiation data was
made in Hubbard ani Johnson's paper. They noted that their reiation predicted a
much stronger effect of shock internal energy than was measured. They attributed
the discrepancy to lack of realistic equations of state from which to calculate
their delays.

While the magnitude of the predicted values may be of little
value at the present, the understanding of the processes involved is not. The
point that is brought out by their work is that detonation will occur if the
temperature-time history of any point in the explosive crosses the curve given
by the delay equation. For example, in Fig. 76, which is taken from Ref. 85,
the energy (temperature) time histories of 4 pressure pulses are plotted along
with the delay equation. For cases B and D the temperature-time history curve
did not cross the delay curve defining the detonation boundary and ceflagration
resulted. Cases A and C crossed the boundary and detoriated. The point made is
that lower temperatures will cause detonation if held for a longer period (f
time (this implies long induction distances). Conversely, higher temperatures
require shorter times. Clearly the initiation dependence or E, is very strong,
or conversely the curve describing the initiation of detonation limit varies
weakly with the time a given temperature is held. The reason that Andreev's
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and the UTIAS iritiziion limits for ¥ETH are nearly the sace, even though the
time of zpplicztion of the pressure varies by ar order of osgnitude, is pow clear.

Enig87 of HOL has studied essentially the same initiation proplem
of Hubbard and Jobnson, using a different numerical schecxe.

Ke also considers a
piston which pushes at constant

velociiy against one surface of a chemically
inert slab the other surface of which is in comtact with the explosive. The

dynamics of the resulting shock and subsequeat growth to detomnation or decay to
deflegration can be followed as in the previcus work. The cenclusions that
Enig draws are essentially the same as the previous work.

Mader88 has recently exztended this type of czlculation to the
shock initiation of nitromethane, liquid THT, and single crystal PETH using
reulistic equations of state and concludes that the computed pressures and vel-
ocities as a function of time agree with the experiwmental velues to within the
probable experimental error. However,no published work has been done to define
the detonation boundaries for these materials. Mader has also extended the cal-~
culations to include the effects of voids. He observed that the interaction of
the shock with a void or inhomogeneity produces a local "hot spot" in the ex-
plosive of sufficient intensity to cause detonation tc occur under conditions
that normally would have resulted in deflagrations in the homogeneous material.
This point is of considerable significance in the present study since it indi-

cates that the initiation boundary can be substantially lowered by the inclusion
of voids.

Work has also been done of late cn the effect of thermal pulses
on the initiation of explosive materials (chiefly propellants) both by the use
of shock tubes where both pressure and temperature effects are combined and
radiant pulses from furnaces. In these cases the increase in temperature of the
propellant is primarily from the convective (or radiati

gﬁ)Sheat flux. Delay times
of the order of milliseconds are required for ignition.“’> 9 However Cook!
notes that .."detonating gases are capable, above certain critical pressures,

causing very sensitive explosives such as fined grained, low density FETN to
detonate evidently almost directly..", but gives no further information. It
will be seen in this section that PETIN can be made to detonate by gaseous de-
tonation waves in initial pressures as low as 50 psi. In this low pressv.?
regime it is not clear whether tlie detonation is caused by shock heating, con-
vective heating, iocal hot spots due to voids, or a combination of the above.
For both shock heating or convective heating the temperature history of the
explosive is the key parameter. This is proportional to the transmitted shock
strength for shock initiation which in btwrn is proportional to the initial
pressure in the gaseous mixture. If the initiation is due to convective heat
transfer, the heat transfer rate can be varied but it is also proportional to
the initial pressure of the gaseous mixture, making it difficult to separate
the two effects, Definitive experiwents have not been performed to date.

of

With this qualitative understanding or perhaps lack of clear
understanding of the initiation process, the search for explosive suitable for
use with the impliosion driven launcher can be directed specifically to finding
an explosive with & low enough transition time for the gaseous detonation wave
induced shock wave or rapid enough convective heating that detonation in the

solid explosive is reached is less than a few (5-10) psec or in a distance of
less than a few (0.1 - 0.5) inches of explosive.
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k.3 Review of Pest Worz at UPIAS

- It wes recognized ezrly in the reseerch that the key Technical
obstacle to be overcoce would be the initiation of the explosive limer. Soce
critics of the technigu~ pointed to the very high pressures reguired to siritixte
secendary explosives and suggested that it was not possible to initiazfe secordaries
with a gaseous detonation wave. Accordipgly, initial efforts were spent in
investigating the iritiation prorerties of explosives under cozditions similar
t0 those experienced in the launcher. Since the results and understezmding of
the initiation process would be camcflaged by the three-dirension2l neiure of
the convergence in the kerxisphere it was Gecided that the shock initiaticn pro-
blem should -be studied by itself in a ore-Gimensionel framework. It was also
decided, at that time, that initial efforts would be concentrated on the irpitia-
tion by the collision of gaseous detonation waves although other possibilities
for ignition existed. Further by proper design of a2 one-dimensicnal experiment,
the amount of explosive used per experiment could be reduced considerably \factors
of 60) hence the hazard of using untested materisls reduced. It was fel:t that the
results obtained in a one-dimensional study could be carried over with littie
correction to the hemisphere since the initistion process even in the hemisphere
is essentially one-dimensional in character.

Dr. A. H. Makomaski (now at the Netional Research Council of
Canada) designed and constructed a one dimensional chamber to be used for the
injtiation study9o. A view of the apparatus is shown in Fig. 77, and a cross~
section is shown in Fig. 78. It is essentially a small cylindriczl cavity 1.5
in. dia. and 10 cm. long in a massive high-strength-steel block. The 10 cm.
dimension was chosen to duplicate the radial distance of the hemispherical
chamber, since it was expected that there would be difficulty in producing a
steady-state detonation wave in the gas in such a short distance. Subsequent
results show that this is not a serious problem. The explosive samples were
held in a "witness cup” at one end and an exploding cross wire initiated a
gaseous detonation wave irastoichiometric oxygen-hydrogen mixture at the other.
The cross wire was chosen %o aid in the early formation of a planar wave.

Using this apparatus Makomaski investigated the initiation pro-
perties of PETIN pressings at densities of 0.85 and 1.00 g/cc and determined the
lower limit of initial pressure of a stoichiometric oxygen and hydrogen mixture
that will insure a detonation in the FEIN for this geometry to be ~ 12.5 atm.
Details are reported in Ref. 90. The criteria for determining if the explosive
had or had not detonated was the presence or absence of significant distortions
of the witness cup vhich held the explosive. Below 12.5 atm initial pressure,
the dimensions of the witness cups remained essentially unchanged during a run.
Above 12.5 atm initial pressure, the dimensions of the cup changed as a permanent
deformation of the witness cup occurred. The surface of the cup was also bruised
and deformed in a manner suggesting pressures greater than the yield stress of
the witness cup material, whizh for his studies was ULTIMO 4 (yield ~ 85,000
psi). The calculated detonetion pressure of FETN at a loading density of 1.0 g/cc
is by comparison 7.6 x 10* atm. No other quantitative measurements were reported.

Vhile these results were very encouraging, as they showed
secondary explosives could be initiated in thisa fashion, it was felt that
quantitative data of a more precise nature was required to understand and gain
insight into the wave dynamics and initiation process. The questiorn as to the
strength of the gaseous detonation wave, its velocity, if over-driven, remained
unansvered as was the strength of the reflected wave produced by the detonating
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explosive. Mzkozzski did try sous ircident wave speed rsasurecenis using ioniza-
tioa probes but concluded that his gages were not suitzble for this work although
their simple construction wmight cake them very atiractive in less hostile con-
ditions. e a2lso tried phoic detectors To csasure the wave sreed but inade-

the 04P12 prhoto diodes prevenied any gquantitative

auate frequsncy response of
ceasurezents. Tirme did npoi percit hic to try other tecnnicues.

+

On critical review, it was concluded that the results were =ost ~
proxising, as initiation of Getonetion in thin layers of explosives at woderate
pressures was deconsiratnd cn the foregoing basis and that the approach was
scund, but that quantiiavive dafz would be reguired if the wave processes
occurring in the chagzber were to be fuily understcoi. Accordingly the first
efforts in the new phace of this work were in the direction of instrumentation.

k.4 One-Dimensional Chamber Instrvmentation

The severe environment produced in the chamber by the contained
explosive makes it dirficult, if not iwpossible, to use many measurement tech-
niques. A wave speed measurement is proi 2bly the most useful measurement provided
both incident and reflected wdve historizs can be determined. In principile
several instrumentation technigues could give wave speeds, as for example photo-
graphic streak camera techniques, however ionization probes were chosen since
they are rela*ively straight forward to cdesign and use, Strezk camera techninues
would have required substantial mocifications to the existing chauwber. An
ionization probe acts essentially as a switch ciised by the icnized gas behind
the detonation or shock wave, hence it gives an accurate ind:cation of the time
of arrival of the detonation cr shock wave. It has the disadvantage that it
camot yield any profilss of the properties behind the waves.

After saveral atiempts, an ionization prcbe that would with-
stand the hostile environment was successfully developed. A view of the final
design of an assemblad probe is shown in Fig. 79. A secticnal view is shown
in Fig. 80. The probe consists of a single stainless steel electrode potted
with epoxy resin into a holder. The electrcde has a maximum diameter at the
lover end greater than the minimum inside diameter of the probe housing sc that
the electrode cannot be blown out. The epoxy resin makes a satisfactory vacuum
and pressure seal.. Siechrical connections arz made by a central electrical lead
also potted for sirength and the end fitting is a standard BNC connecteor. The
entire circuit is shielded by the probe hcusing and comnector and minimizes
pickup from electrical disturbances which were present when the capacitor in the
ignition circuit was discharged. This "noise" scurce was subsequently quieted
(See Sec. 5.1.1).

To date this construction has demonstrated excellent vacuum and
bigh pre sure holding qualities. An average probe lasts approximately 10 runs
before it breaks down due to imbeded carbon deposits or significant ablation of
the epoxy surface. One prote survived 23 runs in the position nearest the ex-
plosive before being removed from service. The only maintainance required is

the routine cleaning of the exposed surface after each run and a check for
shorts and continvity.

The circuit used for differentiating the signals from the ioniza-
tion probes was a modification of the classical circuit of Knight and Durf9l,
The circuit, shown in Fig. 8la, has been used for many years for velocity mea-
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surezerts. in shock tubes and for Jetonation velocity zeasurezents both in geues
and solid explosives. In its origiral forn it senses 2 single pulse from each
Trobe per run. In yrinciple the circuit couvld semse waves repeatedly, provided
the time constant. for vecharging capacitor C, is less than the tice between
signals. The time constant for recharging c1 is essentially Rlpl, whick for
the originai circuit is 22 =illiseconds. The higx resistance of Ry is rejuired
to isolate the several sections from cre ancther. By substituting a resistor
and diode for this high resistence, where R iz now reduced to 47000, the
capacitor should in principle recharge in approximately 5 microseconds and yet
the separate sectiorni: remain isolated due toc the high reverse resistance of the
diode.

To be exact, if should be noted that the probes are nct ideal
switches operating in an on-off mznner as they have a finite "contact" resistance
due to the finite conductivity of the gas. Rather they are detecting a change
in cortact resistance as if resistors of different values were being switched
in and out.

The actuel val.x of R; used for this experiment was obtained by
trial and error and gives readable signals for the conditions encountered here.
If this circuit were to be applied elsewhere under Gifferent conditions the
optimum values of Rj would have to be changed accordingly. The circuit as used
in this study is shewn in Pig. 81b. Using the modified circuit in conjunction
with the robust probe, both the incident detonation wave and the reflected ex-
Plosive driven wave can be detected ir the time scale of the present experiments.

4.5 Direction of Search for Suitable Explosives

As noted in Sec.L.2, there is little initiation data at condi-
tions near those to be produced by a reflected gaseous detonation wave in the
launcher chamber. Most explosive initiation experiments in the literature
are for pressure levels several orders of magnitude Zreater than pressures
produced in the gaseous mixture with the exception of Andreev and Maslov's
work. DPeak pressures produced in the standardized HNOL gap test for example
are approximately 50 K bars80 (735,000 psi) whereas the peak pressure produced
at a rigid wall by a reflected gaseous detonation wave is 6150 psi for a
stoichiometric mixture initially at 10 atmospheres”<. Accordingly, the search
for a suitable explosive had to progress on a pragmatic basis with some skept-
icism toward the drop-test data, but with the various initiation thaories
and hypothesis and experience as a guide. In this respect, the wealth of
knowledge and experience brought to the project by Professor G.F. Wright of
the Chemistry Department, University of Toronto, was of inestimab’e value ir
solving this hkey problem. .

From the point of view of initiaticn, primary explosives are

indicated. However, they generally have small energy densities. From the
point of view of minimum thickness of liners, secondaries which have large
ﬁnergy densities, are required. In the absence of any hybrid materials, a

sandwich" type of liner having a layer of primary explosive over a seccndary

is indicated, similer in principle to many commerical explosive products, for
example ,primers in cartridges or the use of blasting caps to initiate bulk
explosives. However, it must bea realized that safety is maintained in commercial
blasting applications, in part, by attaching the initiator to the bulk explosive
shortly before its use. In this way, the only source of initiation is kept
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gway frca the cain body of The explosire uptil initiaticn is desived. Since
the "pricer” layer in the liner for the laurcker would be in intimate centact

itl seconsery leyer froo the time of manmuwlacture, the restrictions on
ability z2nd safety of the pricer are the same as on The secondary,
since any spont=neous initiation of the primer would initiate the entire liner,
not just the primer. It wili he seen below that several “sandwich" types with
othzr desirable propverties were devsloped bub had to be discarded because the
pricer was not sufficiently safe,

-

Portunevely there are 2 few explosives which can properly be
called hydr.ds since they can bte made te have beth the semnsitivity properties
of primariss and the epergy density of secondaries. IETHN which was chosen as
the mest promising explesive for generating implosions 15 one of these. Its
expiosive initiation vropertiss vary with the loading density vhich can be
varied over a wide range. At low loading densities ifs sensitivity to
initiztion by gaseous detonation wave is cowparable to many primaries but with-~
cut their hazard. Further, its sensitivity to handling or static electricity
can be reduced by adding water. It does not have the reputation of detonatirg
spontaneously, and is generally coasidered to be a "safe" explosive when
handled with thre care recuired of materials of this type.

The search for 2 suitable explosive progressed as follows.
Generally, explosives that suggested promise weré tested tirst at moderate
initial pressures. If they detonated., the pressure on each succeeding test
Wwas progressively lcwered until the pressure limit was reached. If a detona-
tion wau unot clearly evident they were discarded. Several runs were made
around the pressure limit to define the limit and indicate approximately the
band of uncertsincty. However no great effort was expended to obtain high pre-
cision for the uncertainty band. Several explosives which could not be made to
detonate but which had other desirahle properties,for exzmple ease of manu-

facture or energy content, werc tried in combination with a surface layer of
more sensitive expiosive.

FETN pressings similar to those used by Makomaski were the first
to be investigated. While the results reaffirmed that the detonation pressure
limit was sufficiently low and cleared up ambiguities in his work, the problem
of manufacturing a hemispherical shell from dry crystals of PETN appeared
formidable. The emphasis then shifted to primaries such as lead azide,
tetracene, nitromanaitol which were vproportedly safe wien wet, and which could
be applied in damp paste Zorm. The intent was that the liner could be fabri-
cated wet, then dried, hence armed, inside the chamber in complete safety.

For the present conditions, the only one of these to work well was lead azide
but the hazard of using lead aczide even vet is still sufficiently great as to
preclude its use, as noted vpreviocusly. As will be seen, lead azide worked
extremely well alone and also as a primer to initiate less sensitive explosives.

It was disappointing that its use had to be abandoneé in the interests of
safetv.

The emphasis then shifted tc intermediate types of explosives
such as nitrocellulose and FETN and finally to finely divided FETN witl -
binder in a paste form or in a matrix. In attempts to define the effect of
the binder on sensitivity it was noted that pure FETN, when 2pplied in a paste
form and dried, had just sufficient strength vo support itself in thin layers.
By applying the paste to an open core foan plastic matrix, a liner was made
which satisfied the strength reguirements and could be made in virtually any
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thickness. . The details of manufacture are given in Sec. 5.2.1. This last
formulatlon, wnich nas a patent pending, was the one used in the bulk of the
launcher per?ormance experiaents.

- In al1,25 different explosives or ccmbinations of explosives
were investigated in search for a suitable material. It should not be con-
strued that the FRIN formulat1on chosen for the implosion experiments is an
optimum-one_ rather that it is one out of possibly many that will work in this
appllcaten.qn-

4.6 Experimental Precedure

The bulk of the explosive samples were prepared at the Chemistry
Department of the University of Toronto by Mr., T. Huber under the supecvision
of Professor G.F. Wright, and arrived with the weight and dersity predetermined.
For dry samples i.e., explosives containing no water, no further initial
analysis is required. Some explosives, for example nitrocellulose; nitro-
mannitol;mercury fulminate, and tetracene are much less sensitive to initiation
by mechanical shock when wet. These explosives were prepared water wet and
kept damp until used. Hazardous explosives such as lead azide were handled
only in the wet state and an estimate of the water content was made by measur-
ing representative samples, to minimize the amount of handling. The lead
azide samples were made up on site to minimize the hazard involved since the
University and Launcher Facility, are separated by a distance of ~ 15 miles.
"Sare" explosives were dried and measured individually. Samples of the sheet
explosive (EL506 and Heller) were cut on site from large sheets using pre-
cautions outlined by the manufacturer.

The explosive samples in the witness cups were installed in
the one-dimensional chamber and the chamber sections fastened together. For
dry explosive samples, the chamber was immediately evacuated to a pressure
less than 1 mm hg. Wet explosive samples were dried to a pressure of less
than 1 mm hg. by evacuating the chamber at a rate not exceeding 6.7 mm.hg./min.
Previous tests in a small vacuum chamber, having a viewing window, using inert
materials, having physical characteristics very similar to the explosives
used, indicated t hat this pumping rate was sufficiently slow to prevent
bubbling of the surface by escaping water vapor. Further with a few samples
of explosive used, the chamber was re-opened carefully after the drying
cycle and the samples checked to see if they had sufficient structural strength
to maintain themselves in the vertical position. In all the check cases the
material was intact. It appears that all the samples remained intact after
drying provided that reasonable care was taken to prevent jarring the apparatus.

It should be noted that the vapor pressures of the solid ex-
plosives used are not an important factor since they are several orders of
magnitude lower than the pressure to which the chamber is evacuated. For
example, PETN has & vapor pressure of ~ _u~" mm hg.9 The water and methyl
alcchol mixtures that were used for the wet explosives have a vapor pressure
of ~ 19 mm hg. and ~ 100 mm.hg. resvectively at 72° Farenheit.

The one-dimensional chamber manifolds that are in common with
the range (see Sec 5.1.4) were then evacuated and hydrogen and oxygen gases
metered, using u of 1 percent tost pressure gages, into a mixing bottle where
they were allowed to mix by diffusion for several minutes. Then the mixture
was allowed to enter the one-dimensional chamber. After several minutes to
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allow for diffusive wmixing, with any remnanis of air in the chamber the -

charge in the chamber was vented to atmosphere, the chamber refilled and the
vressure adjusted to the desired pressure by metered venting. Whed low ‘pressures
(of order 1 - 2 atmospkeves) were used, the filling-venting cyciz was repeated

several times to purge the chamber and insure an accurate composition. In this

manner it was felt tha% errors in mixture due to residual gaszs in. the chamber

and lines would be kept to a negligivle level. The ignition system capacitors

were then charged, the recording oscililoscopes which were previously calibrated
were set and the area cleared for firing.

L TP L

Sdinbety it

After each firing the chamber was vented to the atmosphere and

. flushed with helium to remove any hazard duve to noxicus fumes. The chamber
was opened and the explosive cups and ionization probes rzmoved for inspection.
The entire inside surface of the chamber was cleaned thorovghly using acetone )
and steel wool to remove any tenacicus deposits and dried with clean rags and -

i dry compressed air. The ionization probes vere inspected for damage, cleaned,
given an electrical check for high resistance shorts and subjected to a 500
volt potential and monitored electrically and visually for breakdown. This
last check was addeé after electrical breakdown of fnz :.r..oe at 300 volts
ignited the gaseous mixture and initiated a run pres-iureiy.
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Those probes that 3
passed this test were reinstalled; those that feiled were repaired or replaced. i ¥
The crossed bridge-wire, a 4 mil copper cross, 1.2 inches across, was replaced, . g
a new explosive samyis and cup installed and the chamber closed up for another § %
cycle. A maximum of L samples could be tested in an eight heu. day. g} 2

. i £
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4.7 Data and Data &nalysis

A e b+ e

In this section, it will be shown that from :he aralysis of the
single data source, giving shock or detonstion wave front nosition as a function
of time, a considerable amount of useful information can be obtained for both
the wave dynamics inside the chamber and the initiation properties of the
explosives. While the results are all inbverrelated, for purposes of organization
the raw data will be discussed first,followed in order by the analysis and ?
results of the x~t diagram data, the wave-speed data, detonation pressure limit
data, plane explosion considerations, detonation delay data and witness cup I
distorticn data. After each of these arcas are exauwired in detail the key points, ,}

T T —
E

will be summarized.

4.7.1 Raw Data @

Two typical photographic records ars shown in Fig. 82. Figure :
i 82a is the result of a run using a nominal 200 ps! mixture of stoichiometric
oxygen hydrogen and 1.3 grams of PETN cloth. HNot +the clean signals obtained for
both the incident gasecus detonation wave, "breaks" 1, 2 and 3 and the reflected
wave, "breaks" 3', 2' and 1'. The reflected wave is essentially the shock
generated by the reflection of a gaseous detonation wave since the explosive
did not detonate for this initial pressure. 1t is worth noting in passing that
"break" 3' while large enough to be read clearly is not as large as the 3
! initial breaks or the remaining two since the cepacitor in the circuit for the
3' section, while it has recovered enough tc give a readable signal, has not
completely regained its original charge. Y.gure 82t by comparison, is the
result of a similar run using PZIN closh but with an overcoating of PETN in
sandwich configuration. The point to be investigated was whether the cloth
could be detonated by a Lhin booster layer of PETN, which detonates at this
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pressure. In this particular case the overcoating explosive detonated as

eynected but the cloth did not, hence the reflected wave is strengthened only

by the additlon of ‘the. prlmer energy. Its velocity, as noted by the closer
'b

but i not'ao fast as would be the ~ase _I both materials had detonatel. The
timing marks shoxn in the lower sweep uf each trace are 10 psec timing markers
from a TEktraan‘G01 t’me mark generator.

- .

\;?f i *is ‘8 matter of course, two sets of data were obtained for each
uivity shcwﬁ“xn these two figuren, i.e., at 5 microseconds per division, using
a dual beam osc lloscode and a delayed second sweep. The faster sweep records
allowed beti 7 i.. by about a factor of 2, although the
phctog:aﬁ' c quallty s not as good as the ones shown. In practloe they both
gafe esswatially +the same result and the two oscilloscopes were run in parallel
every test. £ insure that dats would be obtained and as a check against time
calibration errars.

‘The estimated accuracy of the overall measurement is ¥ 250 nano-
seconds .in time and ¥ 0.25 mm. in space.

%.7.2 (x-t) Diagrams and Wave Speed Measurements

(x-t) Diagrams

The raw time-distance dats was first plotted in the (x-t) plane
to prevent the mis-reading of the traces i.e., taking a "noise break" as the
signal, since the timing signals for both the incident and the reflected waves
must of course be self consistant. Invariably misreading a "noise break" for
a signal resulted in an inconsistant (x-t) diagram, and could be immediately
detected and rectified. Typical (x-t) plots are shown in Figs. 83, 84, 85, 86
and 87 for stoichiometric oxygen-hydrogen mixtures alone, lead szide, FETN
pressings, nitrocellulose and superfine PETN respectively. Pertinent data
for all the runs are given in Table 12. The cssential features of (x-t) dia-
grams for the 20 other materials tested are similar to the five given here and
will not be repeated. The wave diagrams shown have been adjusted in time so
that the detonation wave arrives at the reflecting surface at time t = 0, This
will clarify ti.: effects of the various parameters.

From the figures the general similarity of the wave diagrams
can be seen as well as the fact that the trajectories, as evidenced by the
data fit to smooth curves, can be accurately determined in both space and time.
A number of important points can be seen from an inspection of these figures.
Firstly, the incident wave which clearly is a detonation from its velocity,
does not move at constant velocity but is initially overdriven by the exploding
wire ignition source. It decays in the length of the chamber towards a steady
plane detonation wuve,as evidenced by the curved trajectory but is still slightly
over-driven by the time it reaches the explosive surface. The amount of over-
driving of the detonation wave is a function of the initial pressure as the
phenomena is, initially at least, related to an ideal plane explosion, hence
the blast wave should vary as E/p or for these experiments, 1/p since E is
constant. The energy for the exploding wire (or more aucurately the energy
stored in the ignition capacitors) was held constant for the entire study, at
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135 joules corresponding to a capacitor bank voltage of 6 kv.
a fraction of this energy actually appears in che gas.
dissipated in the thyratron and cables.

However only
The remainder is

The decrease in cver-driven detonation wave velocity with pressure
is best seen from the initial slopes of the curves in Fig. 83. As the over-
driving is a transient phenomens and the actual amount of energy dissipated by
the exploding wire was not measured and apparently varies from run to run,
scatter exists in the trajectories, particularly at lower pressures. At
higher pressures the cvershoot and scatter is much reduced (see for example

the results plotted in Fig. 86 where the trajectory is a straight line
indicating the detonation wave velocity is constant).

Secendly, it can be seen that the refliected gaseous detonation
wave of Fig. 83, for example, where no exdlcsive is used appears to accelerate
as it propagates from right to left. This is due to the expansion wave that
immediately follows the incident detonation wave and has an almost linear
velocity gradient behind it. The particle velocity varies from a maximum
value %t the detonaticn front to zero at a point roughly half of the distance
travelled by the detonation front, (see for example Fig, 58). The reflected
shock wave first enters a gas with a high counter velority, and then moving
through and out of this region moves into a gas at rest, To a fixed observer
in the laboratory the shcck wave accelarates. The pressure ratio of the shock

increases in this intersciion aithough the absolute pressure behind the shock
decreases.

Yor cases where the explosive deflagrated, for example run No.
121 of Fig. 86 and run No. i9h of Fig. 87, the resulting refiected wave tra-
Jjectory is essentially identical to the gas cases of Fig. 83 since the energy
release by the explosive 1s so slovw tiet it does not heve time to add any
significant energy 4o the reflected wave., For those cases where the explosive
has detonated, for example,sll the runs of Figs. 8% and 85, run No. L9 and 121
of Fig. 86 and run No. 199 and 202 of Fig. 87, the reflected shock trajectory
flattens indicating much higher reflected shock velocities than in the defla-
grating cases., The shocks also decay with distance as they adjust to and
approach a p"r‘l decay required by an ideal plane expiosion, rather than
accelerate as they did in the deflagretion cases. The effect of the rare-
faction behind the gaseous detonation wave is negligible for the detonating
explosives, By measuring the reflected wave velocity and comparing it with

the reflected wave velocity of a gas only case, it could be determined whether
or not the explosive had detonated.

The complicated wave diagram obtained during the first few
micro-seconds after veflection, as for example in Fig. 84 will be discussed
with the ignition delay meesuremeni.s of Sec. 4.7.5.

Velocity Measurements from(x-t) Nata

The average velocity between probe stations was obtained by
dividing the distance between stations by the time required to traverse that
distance. By plotting the average vclocity versus distance the dynamics of
the wave motion can be seen. Plotted in Fig. 88 are data from a representative
sample of the initial conditions and explosiies investigated. All of the data
are ircluded in Table 12. The reflected wave data is plotted "mirror reflected"
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across the reflecting surface io unscramhle the dynamics of the two different
waves (*ncident and reflected). For the incident wave, only the wave velocities
for typical stoi chiometric oxygen and hydrogen cases are plotted since the
incident weves for the explosive runs are the same since they occur in the
same : mixture. In an attempt to evaluate thé extent of the overdriving at the
tlme that the ‘wave has reached the reflecting surface, curves are drawn for
)% -and h percent increment in velocity at the reflecting surface ass aning
decay -of the velocity increment with distance. This decay of the
1nurement of the excess velocity over the detonation velocity appears to be
reasonable, in. light of the trends shown in Fig. 89, which is a plot of the
increment in veloc1ty over the detonation velocity versus the distaxzze from
the induction point. The data is from Boll:nger9 however it is for lower
pressures than considered here. It wculd appear based on this decay law that
overdriving by as much as 5 percent in velocity may have occurred for iow
initial p;essures. Since pressure behind a detonation wave varies as the velocity
squared, the peak pressures could be as much as 10 percent greater than the
predicted Chapman-Jouguet pressure for a steady detonation wave at the same
mixture and initial pressure.

While the incident wave velocities are similar in character,
the reflected wave velocities vary considerably depending on the particular
explosive and the initial pressure. For gas alone cases or for cases where the
initial pressure is lower than the pressure to insure detonation,the reflected
wave moves at relatively slow velocity, increasing in velocity as it propa-
gates through the gaseous detonation wave particle velocity profile, as noted
previously. For initial pressures greater than that required to insure a
detonation in *he explosive, much higher velocities, up to 4 times the re-
flected wave velocity in deflagration cases,are measured. The high velocities
then undergo a transition, begin to decay and approach the V ~ r-2 required
by an ideal plane explosion. Correlation of these velocities with plane ex-
plosion theory is given in Sec. U4.7.4.

For most of the low initial pressures investigated the detona-
tion wave was overdriven, hence a direct comparison of the wave velocity with
the predicted steady detonation wave velocity is not possible. However for
run Nos. 49, 114, and 121 shown in Fig. 86 the initial pressure was high enough
and the igniticn phenomena was such that the wave decayed to a steady detona-
tion before reaching station. 1 and travels the remainder of the chamber at a
constant velocity of 3.06 km/sec. As shown in Fig. 90 this velocity comgﬁres
well with the predicted steady detonation velocity for these conditions.

Before leaving the discussion of the wave velocities, it is
worthwhile to elaborate on one of the questions posed by MakomaskiZ0, that
of the strength of the incident wave. As noted, the geseous uetonatlon wave
generated by the explodingz wire, is initially overdriven, decays rapidly,
and reaches a velocity slightly in excess of Chapman-Jouguet velocity prior
to colliding with the explosive surface. This particular pcint is not of
trivial ‘mportance in the study of the initiation phenomena. In the
spherical geometry of the launcher the initially overdriven Jdetonation wave
damps out very quickly (as r- / ) and is probably moving at the C-J velocity
when it collides with the explosive. By insuring that the detonation wave
velocities in the one and thre~-dimensional experiments are the same at the
instant of reflection, the peak pressures generated on reflection will be thc
same. As shown previously, it is primarily the peak presswe which determines
whether or not an explosive will detonate. The pressure profiles of detonation
waves in the different geometries are quite different as can be seen from Fig.
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58. The planar (v = 1) and cylindrical(y = 2) cases {curves from Ref. 95 for
stoichiometric oxygen-hydrogen) have much smaller gradients behind the detona-
tion wave than does the spherical case (v = 3) (Ref. 58 y= 1.13) which has by
comparison % very steep pressure profile. Further the plane detonation wave
profile cannot be made to match the spherical profile by a simple shortening
of the one-dimensional chamber size altnough in principle a better approxi-
mation to the spherical chamber case could be had by a much reduced (~ 1/3)
length of one-dimenzional chamber which is clearly not practical here. How-
ever, as it is primarily the pressure pesk and; not the length of time applica-
tion that is important in the initiation, the results obtained in the one-
dimensional chamber are generally valid-for the three-dimensional case pro-
vided the detonation wave velocities are kept the same. The last condition
while not satisfied exasctly for all initial conditions investigated, is close
enough so as not to cause major discrepancies in the detonation pressure limit.

4.7.3 Detonation Pressure Limits

Using the velocity data and, as will be discussed in Sec. bh,7.6
the cup distortion data, it was possible to determine the lower limit of
pressure for which a given explosive sample would detonate. No attempt was
made to define the boundary with high precision since the emphasis in this
study was primaerily on finding explosives with acceptable properties rather
then the precise definition of their properties. BSpecific results showing
the regions of detonation, deflagration and no combustion are shown in Fig. 9l.
The circular symbols are the results of this study. The square symbols are
results of others. Filled symbols indicate detonations, half filled symbols
indicate deflagrations and open symbols signify no combustion. A combination
("sandwich") case is listed as a detonation only if both materials detonated.
For example, a (SF) PETN/PETN cloth run at 13.7 atm is considered a deflagration
as only the top layer of FETN detonated. For some runs at very low initial

pressures the explosive neither detonated nor deflagrated but the surface
melted.

From Fig. 91 and Table 13 which are arranged generally ir order
of increasing sensitivity, it can be seen that of the explosives investigated
there are 9 explosives or explosive combinations that will detonate for initial
pressures in the gasecus mixture of 11 atmos or less. These are lead azide,
superfine FETN, a lead azide-PETN mixture, superfine PETN/No.l Pastecombination¥,
superfine PETN/No.2 Paste combination, PETN powder, PETN pressings and nitro-
cellulose. Those that will not initiate at this condition are Nosl and 2
pastes, blasting gelatin, PETN-EL-506 combinations, tetracene, cast FEIN,
picric acid, tetryl, mercury fulminate, lead azide/Heller combinations, lead
azide/EL-506 combinations, nitromannitol, corregated nitrocellulose, OHMX, PETN
fabric, superfine FETN/FEIN fabric combinations,Heller, EL-506, DINA, and lead
azide-polyurethane mixtures. This last material would not even ignite at 300
psia. If the initial pressure can be increased to 20 atmospheres then No. 1
and No. 2 pastes, PETN/EL-506 combinations, tetracene and cast PETN become
available. It is also possible that other materials, for exsmple, mercury
fulminate and nitromannitol, may have suitably low initiation pressures,
however the study was directed to finding materials that would detonate at low

velues (~ 10 atm) of initial pressure, and detailed testsof these explosives
were not made.

* Trade names - composition defined in Sec. 4.7.7.
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While the present tests of lead azide werg not carried below
1 atm, it is interesting to note that Andreev and Maslov 2 cbserved that lesd
azide initiated at initial gas pressures as low as 210 mm. Their experiments
were done in a tube 1.0 meters long. However, this would net have a strong
effect on the measured limit. From a pressure point of view,lezd azide is an
excellent initiator. It is unfortumate that it is not acceptable from safety
considerations. Other mas%srials reported by Andreev and Maslov include
picric acid, tetryl, “blasting geletin" and cast PEIN. The only other com-
parable wark using gaseous detonation waves is that of Makomaski,”~ who deter-
mined that EL-506 and cast mixbtures of DINA and FETN would not initiate at
initial pressures of 98 atm. He aisc found that PEEN pressings of 1.0 and
0.87 g/cc would detonate at initial pressures of 13 atm. but would deflagrate,
as evidenced by the lack of substantial deformation of the cups, at 12 atm.
The present study indicates thst detonation extends to below 8.98 atm. for
PETN but deflegration occurs at 6.12 atm. This eapparent discrepancy is pro-
bably due o t he insbility of the distortion measurements to give the finer
details. These details are discernabie when the wave speeds are measured.

It is important to note that PETN becomes ecasier to initiate
as the pecking density (related inversely to the fineness of the explosive
and the quantity of voids) decreases. For example, cast PEIN requires 15 to
20 atm. to detonate, PETN pressings require 6-8 atm. The very fine graired
Superfine PETN requires only 2-3 atm. to detonate. Whether this is due to
the voids and their subsequent local hot spots or to improved heat transfer
from better surface area to volume ratio cannot be determined from the present
data.

Some insight into the initiation phenomenon can be gained

from & comparison of the present data with some data fromPEIN initiation studies
obtained using a different initiation method. Seay and Sealy90, used explosive

driven shocks at relatively low pressures to initizte PETIN pressings at &
density of 1.0 g/cc. They obtained not only an initiation limit but alsc the
depth of penetration required to detonate. Their data, shown in Fig. 92,
gives the distance required to detonate versus the pressurz induced by the
impinging wave. It is of interest to note that their data indicates the
depth of penetration varies as the cube of the pressure., They alvo predict

a pressure of ~3 K bars (~ 45,000 psia) to initiate FETN in a distance of 0.15

inches. This pressure is equivalent to the pressure produced on reflection by
a stoichiometric-oxygen mixture initially at ~ 1000 psia. The lower pressure
measured in the present tests may be due to the heat transfer from the hot

gas products of stoichiometric cxygen-hydrogen. In Seay and Sealy's tests the
shock was transmitted through either brass or lucite plates. The temperature
of the shock processed brass or lucite is at least an order of magnltude less
than the peak temperature in the gaseous detcnation wave, (hlh“oK‘)o which
will further increese by about an order of magnitude on reflection from &
solid surface. From this comparison it appears that the heat transfer may
play an impcrtant role in the initiation by gaseous detonation. However
further vork is requirsd to resoilve this point.

It might also be argued that the explosive, particularly the
lead azide, is iritiated by radiative heating from the incident detonation,
particularly since this mode of initiation has been identified by Roth9’. He
showed thet lead azide could be initiated by the radiant heat flux to the
explosive surface by shocks travelling at 8.3 millimeters per microsecond in
17 psi initial pressure of argon. His results show that when the critical
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temperature cf 910° * 30% is reached by the lead azide, it spontaneously
detonates. Because of the high temperature of the shock processed argon
(29,0009K) tie radiation could be considered as that from a black body at
that temperature. The wide difference in temperature, ~41009K for the detona-
tion waves as compared to 29,000°K for the argon shock, and the fact ihat the
radiative flur is a strong function of temperature negates this possibility
in the present tests. Further, if the lead azide were initiated by radiant
heating then the explosive could initiate prior to the arrival of the detona-
tion wave. This was rot observed in the present experiments. Roth's experi-
ment does indicate that some explosives can be detonated by a purely thermal
pulse, independent of shock heating.

4.7.4 Shock Velecity - Explosive Yield Considerations

In Sec. 4.7.2 it was seen that for pressures greater than
a threshold pressure the explosives would detonate, as evidenced by the sub-
stantially enhanced velocity of the reflected wave. It is instructive to
examine the reflected wave velocities produced by different explosives at
different initial pressures for possibie correlation parameters.

For an ideal pleme explosion the strength of the blast wave
varies with distance as

P, E.L -
T2k, ot -l (4.7)
p <L
1
arnd for the shock velocity E 1
u =g (tot -1 2 (4.8)
s 2 o}

Hypothesising that the present situation cen be approximated by a plane explo-
s~on case and since the composition of the gaseous mixture is held censtant at
2.~ + C, and the location of the probes fixed, it should be observed experi-

mentally that . 1
o \2
"~ —— b
Usref < Py > (4.9)

if this hypothesis is valid. ZPlotbted in Fig. 93 is the reflected wave
velocity extrapolated to the explosive surface using the (x-t) plane and
velocity data, versus Eg/pi for all explosive runs where complete or partial
detonations occurred., For partial detonations only the energy of the detonat-
ing layer is used in evaluating Egq. It is seen that the data follows this
variation for a wide range of En/Pi° Velocities less than 1.79 mm/usec were
a0t observed since the reflected gaseous detonation wave sets a minimum to
the velocity at this value. Values greater than about 7 mm/usec are also not
observed. The data appears to be asymptotically approaching a constant
velocity ~ 8 to 10 mm/usec as Eg/?; - o , As the velocity is taken at the
explosive surface where finite source effect are important this behavior is
not unexpected. For example, the calculated front velocity for TNT at a
density of 1.5 grams/cc driving air at 0.0l mm. hg. is 10.7 mm/usec. As the
detonation temperatures (sound speeds) of most explosives are grouped in the
range 5500 ¥ 1000,71 this "escape" velocity can be taken as representative of
explosives in general. For driven gas initial pressures greater than 0.0l
millimeters the front velocity should decrease proportionately. What is ob-
served is not inconcistent with this view.
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It is to be expected that for points away from the explosive
where the finite character of the source is becoming obscured that the agree-
ment with ideal plane explosion theory would be better. Plotted in Fig. 92 is
the average velocity taken between the probes furthest from the explosive
versus E,/pi. It is seen that the agreement is improved,

In order to calculate E,/p; it is necessary to have
accurate values of Ep and p;. A precise value for p; is immediately available
as one of the initial conditions of the experiment. E,,the energy per unit
surface area is not so easily obtained, since accurate data at various loading
densities is not available for all explosives. A word is necessary to explain
the values taken here.

To reduce the lead azide data, two extrapolations had to be

made as Q could only be found for a loading density of 4.0 g/cc (Q = 0.22 kcal/gm)7l

for which the corresponding detonation velocity in the explosive is 5.1 mm/usec.
Using these values as initial points the detonation velocity at p = 1.67 gm/cc
was calculated using the accepted detonation velocity-density7l variation
relation:

D = D¥ p* + M* (p-p*) (k.10)

where M*¥ from the same reference is 0.560 mm—cc/gm-usec. The value of D
obtained in this manner is 3.75 mm/usec. The energy release varies approxi-
mately as the detonation velocity squared, 9 for an ideal explosive hence the

energy release at 3.75 mm/psec is
2
- D
Q = Q*<D*> \ (4.11)

122 calories/gram.

The energy release of tetracene was assumed to be 0.4 kcal/gm.
Nitrocellulose has a value 0.965 kcal/gm.loo For PETN at the various loading
densities considered 9§re, values of Q were obtained from interpolating calcu-
lated values of Cook. The results of his calculations for various assump-
tions are shown in Fig. 95. Included in the figure are two measure=~
ments of the heat of detonation made recently by Ornellas, Carpenter and Gunn,lOl
using a bomb calovimeter. They report 1.487 ¥ 3 and 1.499 ¥ 5 kecal/gm for con-
fined and unconiwned charges of PETN at a density of 1.7k gm/cc. These two
values differ from Cook's calculated values by less than 2%. This amount of
disagreement between precise calculated and measured properties is better than what
generally to be found in explosive research at this time. The disagreement
comes primarily from lack of knowledge of the precise equations of state for
the explosive and explosive products. Of late, cor iderable interest has besn
shown in this area as evidenced by the flood of papers at recent symposialo'
on this topic. However there is no general accord as to what the precise
equation of state is for any given explosive although many reasonably accurate
descriptions sre available. It has been suggested by Davis, Craig and Ramseylo
that perhaps the assumption that an equation of state exists is false, since
in order to properly apply equilibrium thermodynamics to the problem, the
chemical reaction rates must be much faster than any other process in the
time scale of interest. Information about reaction rates in solid phase
detonations is non-existant .
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k.7.5 Detonation Delay Measurements

It can be seen from the (x-t) diagrams (Figs. 84 through 87) of
the explosive cas¢s tiat result in detonations that the reflected wave trajectory
extrapolated back to whe explosive surface, does not interesect with the incident
wave trajectory. The fine details of the trajectories at the explosive-gas inter-
face cannot be obtained from the present measurements. From what is known of the
physics, it can be surmised that the initial reflected trajectory is that of the
reflection of a gaseous detonation wave. After a short delay in which explosive
burning begins to build up to a detonation,a left running shock is created that
out-races the original reflected shock, overtakes and strengthens it. In some cases,
for example lead azide at p. ~ 6 atm,(run Nos.58 and 67 of Fig. &), the explosive
detonates virtually instantiy and no intermediate shocks exist. In other cases,
for example superfine FEIN at p; ~ 3 atm (run No. 199 of Fig.87), the delay is
such that the initial reflected wave is nearly halfway back across the chamber
before it is overtaken.

By extrapolating the incident and reflected wave trajectories to
the reflecting surface, a delay time for initiation, characteristic of the explo-
sive at that initial pressure, but not an exact explosive initiation delay time in
any absolute sense, can be determined. The characteristic delay time is de-
fined as the time between the extrapolated incident and reflected waves at the
explosive-metal interface. As was seen from Fig. 84, the lead azide is initiated
almost instantaneously or at least in times less than ~ 1 usec. This property
is a very desirable one, since it satisfies the criteria of nearly simultar.eous
initiation of the explosive. Unfortunately, it is not possible to determine whether
the explosive initiates at the front surface or on reflection of the shock from
the explosive-metal interface. From the extreme sensitivity of the lead azide it
is summized that the explosive probably initiates at the gas-explosive interface
except when the initial pressures become very low. The other explosives require
the increased pressure on reflection of the shock at the explosive-metal inter-
face for initiation if shock heating is indeed the mechanism. For initial pressures
of 89 and 92 psi (Run Nos. 67 and 58), the ignition delay time of lead azide is
effectively zero, or at least less than 1 pusec. For run No. 170 where the
initial pressure was reduced to 30 psi in order tc gain a high value of E/pi
or 48.8, hence a high reflected shock velocity, the delay time for lead azide in-
creases to a measurable U psec. In this case the reflected detonation wave pro-
regated outward approximately 1 cm. before being overtaken by the strong shock
produced by the detonating lead azide. The other explosives investigated behave
similarly but generally have onger delays than does lead azide as can be seen
from the other (x-t) diagrams.

Characteristic ignition delay data obtained in the fashion is
plotted versus initial pressure in Fig. 96, and tabulated in Table 1h4. While
the data is insufficient to make quantitative predictions of the variation of
delay time with initial pressure, qualitatively it does appear to havc the
strong dependence on pressure. The FETN pressings at 1.00 gm/cc,nitrocellulose,
tetracene, and the FETN paste formulations have essentially the same initiation
delay characteristics. The PETN pressing at 0.87 gm/cc and the less dense
"super fine" PETN (p = 0.59 ¢m/cc) appears to give generally shorter delay times,
in that order, in qualitative sgreement with the hot spots theory or the concept
that the fine particles have favorable surface to volume ratios hence are more
sensitive to convective hesi fluxes.

85

[ TP Ao b i

e S

T e e, R

R~

EOPRLAN RN



A

T e AR R

It should be appreciated that this method of determining the ignition
delay of the explosive is very rough. The actual ignition process and the dynamics
of the interaction of the gaseous detonation wave and the explosive is very com-
plex. In a.l probability the detonation wave reflects from the gas-explosive
interface producing a transmitted shock wave which propagates into the explosive,
compacting it ir the case of porous explosives, and a reflected shock. Subse-
quently, the transmitted shock reflects from the explosive-solid interfece. At
somewpbint in the explosive a critical condition of pressure and temperature; is
reached for a given period of time either through shock heating, convective heat-
ing, local hot spots or a combination of effects and the explosive detonates. To
assume that PETN for example, initiates instantaneously at the gas-explosive inter-
face as was suggested by Makomaski?C is cleerly not valid in light of the present
delay time data. It must be recalled that his data was limited and a time re-
solved display of the events was not possible.

It is possible that an explosive could detonate after a sufficient-
1y long delay time (~ 20-20 usec) that its effect on the reflected wave would not
be felt in the dimensions of the present apparatus. This is an academic point for
the implosion driven launcher since the requirement is that the explosive detomate
in time to be available to strengthen the imploding wave. As such, any explosives
which would not initiate soon enough to be effective in the length of the one-
dimensional chamber, i.e., within ~ 10 psec. would be of no use in the implosion
driven launcher. However the delay time could be relexed proportionately for
larger diameter chambers.

4.7.6 Witness Cup Distortion Data

The witness cups that hold the explosive samples provide addition-
al information as to the type and "quality" of the explosive combustion. It was
this single data source which was used.by Makomaski to determine the detonation
limit for the PETN pressings. In all cases where the measured reflected wave vel-
ocity wac comparable to that of a reflected gaseous detonation wave, no damage
marks could be found on the surface of the cup. These two pieces o. coroborat-
ing evidence are taken to show conclusively that the explosive deflagrated. In
all cases where the reflected wave velocity showed an enhanced velocity, damage
marks were visible on the cup surface. For sandwich type camples, where only
the top layer detonated, the damage was limited to the sides of the cup where
the detonating explosive was in intimate contact with the cup.

Two representative types of damage marks are shown in Fig. 97.
For PEIN pressings, grooves separating cells, seen in Fig. 97a, were found
suggesting very high pressures localiy. This sort of pattern would be pro-
duced if detonations were initiated at only a few isolated points in the ex-
plosive, The grooves would be produced by the collision of detonation waves,
which substantially increase the pressure over the C-J value and are the loci
of the collision points. This type of behavior wherein the explosive detonates
at only a few points would be expected to produce bulging and distortion in the
shock which is generated. Whether or not the observed cell size ( ~ 1 centimeter)
is sufficient to destroy the spherical symmetry for an implosion case is not
known but it is unlikely that it is favorable to the implosion.

In contrast to this behavior, the damage marks produced by the
explosives that are known to initiate nearly instantaneously, such as lead

azide, were homogeneous over the entire surface as shown in Fig. 97b Superfine.
PETN also produced uniform markings even to initial pressures as low as 50 psia.
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This is taken to indicate that the explosive not only detonezted dut initiated
at & large number (100's/cm® or greater) of points. This property is very de-
sirable for the generation of a symmetric imploding wave. It is this uniformity
of initistion property along with the low initiation pressure which prompted the
decision to use the superfine PETN for tiie implosion work.

4.7.7 Summary and Discussion by Type and Conclusions

The results for the various explosives and explosive combinations
are discussed hy type below.

Lead Azide (B,Ng)

The dextrinated lead azide used in this study was obtained from
E.I. DuPont, DeNemours and Company of Pompton Lakes, New Jersey. It was certi-
fied to comply with military specification MIL-L-3055A. Analysis by the supplier
indicated the material to be 93.31 percent pure, 0.49 percent soluable in water
have a density of 1.67 g/cc and "aggregates free from needled-shaped crystals
naving a maximum dimension greater than 0.1 millimeterlog. The sensitivity of
lead azide to initiation increases rapidly as the size of the particles increases.
Crystals 1 mm. in length or greater are liable to explode spontaneously probably
because of internal stresses. Dextrinated lead azide, as used here can be
stored for long periods of time probably because the growth of the crystals
is inhibited by the dextrination process. "Service lead azide" which is not

inhibited, is known to become more sensitive with time, when stored under water
probably because of the growth of the crystals.lo5

Approximately 10 pounds cf lead azide weﬁe consumed wiggout mis-
hap during the study. However, as pointed out by Duff6 and Kauffman®® this
should be taken as good fortune rather than evidence of reliability, as lead
azide has been known to initiate without external cause. While this is of little
consequence when using a few milligrams, it could cause fatal injuries in the

amounts used here. As such, its use at this laboratory has been subsequently
discontinued.

This was very disappointing since the initiation properties of
lead azide are very close to ideal. For pressures.. as low as 15 psis the mea-
cured delay time is only 4 psec. For pressures of ~ 100 psia the delay time is
less than 1 psec. However, the energy density of lead azide is low, ~ l/lO that
of PETN hence a liner of lead azide would have to be ~ 10 times as thick as an
equivalent secondary explosive liner. However, a mixture of lead azide and PETN
was observed to retain the sensitivity characteristics of the lead azide, at
least to 6 atm initial pressure, and also the high energy density of PETN. Lead
azide was not able to detonate EL-506 or Heller even in fairly thick layers
probably as a result of the low detonation pressure at this loading density

(¥ 5.7 x 107 psi at P = 1.67 g/cc).These last few points are academic in view
of the decision not to use this material.

Lead Azide - Polyurethane

Samples of a 75% lead azide - 25% polyurethane explosive developed
by Abegg, Fisher, Lawton and Weatherill 106 of Aerojet General Corp. were also

tested. Its chief virtue is that it has a low detonation pressure, (not to be
confused with low initiation pressure) compared to pure lead azide. As it can
be made in flexible sheets, manufacture in a hemispherical shell would be simpli-
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fied. Unfortunately, pressures up to 300 psia did not initiate even deflagration
in the explosive hence this material is clearly not suitable for use with the
implosion driver. Further, d'fficulties experienced with the manufacture of

the samples indicate that the hazard of this material is coupsrable with lead
azide in its usual form. '

Heller

Heller, a solid propellant that was developed by the Canadian
Armement Reszarch Establishment has properties closely resembling JEN propellant197
It was investigated also because in sheet form, it could be readily manufactured
into shells. Unfortunately, it will not detonate at initial pressures of 12 and
18 atms. When used in combination with a primer layer of lead azide it also
shows no tendency to detonate. It is this moperty which has made it a reliable
solid propellant, but which negates its use in the implosion driven launcher.

Tetracene

Tetracene (1-Guanyl-U-nitrosoaminoguanyl tetrazene) is commonly
used as an intermediate booster in detonators to increase their efficiency. It
is relatively sensitive to heat and has been used commerically mixed with other
materials in explosive rivets which are initiated by heat. As evidenced by the
enhance reflected wave velocity at 270 psi, it appears to detonate. However,
the damage to the witness cups was slight and generally non uniform. Further,
the measured delay times were the longest at a given initial pressure of any of
the detonating explosives that were investigated. For these reasons it does
not offer much promise for use with the implosion driven launcher.

EL-506

EL-506 is the trade name of a product containing PETN and "other
ingredients" which is formed into a tough, flexible, rubber like, product and
marketed in thin sheets (0.084 to 0.0328) by E.I. DuPontl0O8, The ease by which
it could be manufactured into hemispher.cal shells made it very attractive.
However, its sensitivity compared with raw FETN is much reduced by the addition
of the "other ingredients" to the point where it will not detonate at 98 atm
initial pressure. Further a lead azide primer layer will not initiate it at
90 psia, but a FEIN primer layer at 250 psia will, However, if a PETN primer
layer is required,it is simpler to make the entire liner from FETN, hence there
is no advantage to using the FETN/EL-506 combination.

Nitromennitol (Mannitol Hexanitrate)

This material is commerically available from Atlas Chemical
Industries, Wilmington, Del. It is used commonly in detonators and is con-
sidered to be "almost" a primary. It has a sensitivity to impact and friction
comparable to nitroglyccrinlos. Its inability to detonate at 91 psi was sur-
prising in light of this data. Subsequent investigation showed that it can be
obtained in two forms, a grain form having grain size of ~ 1 mm. which is in
common use in detonators and a crystaline form which has long thin "fiber like"
crystals aboat 0.1 mm in diameter which is not commercially available. The
grain type was used in the present tests. In light of the other results it is
summized that the crystaline form is more sensitive and might have been
detonable at moderate pressures. As several suitable materials had been found
by the time this informestion was known, further study of nitromannitol was not
persued.
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Nitrocellulose ?

The nitrocellulose used in this study was nitrated to 13.45%
nitrogen which is close to the maximum nitrogen content (1h.14%). It was
pressed to a wet density of ~ 1.8 g/cc. The dry density was ~ 1.3 g/cc. As
evidenced by the uniformity of the markings on the witness cups, the low pressure
limit 11.2< p3 < 11.6,. and high enegy cont=it, nitrocellulose is very suitable |
for use in the implosion driven launcher. However,the pressing of the fiberous
nitrocellulose into a shell with uniform thickness and density has not been
attempted. As the fibers provide structure, an additional matrix for strengtn
is not required as with the PETN. It is possible that a shell could be manu-
factured by pressing smeller segments, the density end thickress of which could
be controlled, which could then be cemented in place in the metal shell. As
such, this material is a suitable back-up material if for any reason the use
of PETN has to be discontinued.
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Of all the explosives tested in this application, PETN shows 3
the most promise. Pentaerythritol tetranitrate (CsHg0joNy) is made by nitrating
pentaerythritol, a white crystalline compound of formaldehyde and acetaldehyde.
Its chemistry, derivatives and effects are well own93. Further, total pro-
duction of pertaerythritol in 1958 was 1.41 x 10° pounds of which ~ 1. percent
is the explosive, hence it is readily available and inexpensive.

e
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In the present study, a number of different formulation of PETN
were investigated. Initially tests of pressings of PETN crystals at ¢ = 1.0 and |
0.87 g/cc indiceted that this configuration would detonate for initial pressures
less than 8.98 atm, and showed that the delay times were both reasonable
(< 10 psec) and decreased with increasing initial pressure. However, manu-
facturing a hemispherical shell from dry crystals of PETN did not appesr possible,
and this material was temporarily abandoned.
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Later several proprietary formulations of FETIN were suggested by
Canaedian Safety Fuse Ltd. These included a FETN fabric, and Superfine FPETN
(SF-FETN) combined with binders and separately. The PETN fabric, details of
which are proprietary, could be menufactured in a hemispherical shell, but
would not initiate at 200 psia nor in conjunction with a primer layer of PEIN,
although a standard blasting cap is sufficient for initiation. The No. 1 and
No. 2 FUTN pastes which were composed of 65% Superfine PETIN 5 - 10u, 29% water
and 6% binder and 74% medium fine PETY bO-lSp, 22% water and 4% binder
respectively, were developed by Welsh 09 of Canedian Safety Fuse in an attempt
to solve the manufacturing problem. The pastes which have the consistancy of b
putty can be fabricated in virtually any shape. The results of the initial ‘ ;
experiments indicated that the binder was reducing the sensitivity of the pastes ' t
perhaps by coating the individual crystals. Configurations using superfine FETN
layers on the pastes showed thet the initiation properties were improved but
it was difficult to make the superfine PETN adhere to the paste.

Catrmuns kit kS S ra WA w oLt At

In an attempt to define the effect of the binder on sensitivity
a quantity of the paste was washed, and allowed to dry undisturbed. Dried, it i
remained an. integral, yet somewhat fragile solid, which would maintain its : ;
shape provided it was not jaired. Subsequent tests showed that pure superfine
PETN could be mixed with water, dried, and would have the same property. To
improve the strength of the dried form and as a guide for thickness, an open
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pore foam plastic, which could be cut in thin layers was first cemented to the
witness cup and the pores filled with METN. The strength of the resulting liner
was markedly improved.

i Tests of this configuration at 3.4 atm (~ 50 psia) showed it
would detonate, but with a 12 psec delay. At 6.8 atm ( ~ 100 psi) the delay
was reduced to a nominal 3.6 psec. Further the markings on the witness cups
indicate unifcrm ignition over the entire surface. For p; < 1.7 atm the PETN
surface showed melting but no deflagration, hence the deflagration region for
this material is rather narrow.

On the basis of low initiation pressure, uniformity of ignition,
explosive yield, and ease of manufacture, the superfine PETN formulation is
ideally suited for use with the implosion driven launcher. A further advantage
of this formulation is its low detons ion pressure. As can be seen from Fig.
98, which shows data from Cook7l, the detonation pressure can be related to the
density by

py = K p2 (b.12)

where
K =7.8 x 10" atu-cn®/gu?

for FETN. Reductions in density can bring about substantial reduction in detona-
tion pressure. The SF-FETN formulation has a ﬂensity of 0.588 g/cc. The
corresponding detonation pressure is 2.65 x, 10% atm ( ~ 3.9 x 102 psia). The
detonation pressure at 1.0 g/cc is 7.7 x 10h atm a factor of ~ 3 higher. This
property alleviates the problem of protecting ths chamber from high pressures
generated on detonation.

4,8 Alternate Initiation Schemes

The gaseous detonation wave initiation technique described in this
section is only one of a number of ignition schewmes that have been proposed. It
has the advantage that it is simple and straight-forward. However, it requires
expolosives that can be initiated by fairly week shocks and the driving gas is
made up largely of the products of combustion i.e., dissociated high temperature
water. It was also seen both experimentally and theoretically that the best
performance is obtained using a stoichiometric mixture primarily because gamme
is a minimum for this case. A pure hydrogen driver which has a room temperature
gamma of 1.4t has been studied by Bjorkllo and found to have a low value of gamma(~
1.24)for high temperatures Further, its low molecular weight is much less than
that of the water vapor left by the combustion of the stoichiometric oxygen
mixture, hence it is a very favorable driving gas.

To take advantage of these properties requires a different
ignition technique. It hasbeen suggested by Wrightlll, that a light sensitive :
explosive applied to the surface of the explosive liner,when exposed to a intense
light pulse, as say from an exploding wire, would detonate and subsequently
initiale the under layer. The initiation would be virtually instantaneous since
the light is received everywhere instantaneously. Further, the driving gas com-
position can be chosen arbitrarily. Silver azide has the necessary properties
and has recently been studied elsewhere112’113:1lh in this connection. Safety
aspects require that the sensitive layer be applied in situ, perhaps by precipi-
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tating silver azide onto a granular explosive layer from a solution of silver
nitrate, by passing acetylene through the liquid. Apparatus for the investi-
gation of this technique was started but is temporarily shelved.

Another technique which was proposed, investigated and found
lacking is the multipoint initiation technique. It was proposed that if the
explosive could be initiated at enough points that the initially perturbed
(scallcped) imploding sphere might be sufficiently smooth to ellow most of the
implosions ideal character to be retained. Experiments performed by Kennedy at
IITRI end reported by Glass and Kennedyll5,110 used 91 detonators spaced around
the outside of a hemisphere which was lined with EL-506. The time resolved wave
front showed that the initial "jetting" at the detonators completely destroyed
the symmetry. It appears to be of little use in generating implosions although
the technique might be useful for investigating instabilities where perturba-
tions are purpesely introduced.

4,9 Verification of Initiation Results in the Hemispherical Chaaber

While the demonstration that explosives exist that will detonate
under moderate pressure loadings with a small time delay, in a one-dimensional
framework is necessary, it is not sufficient to guarantee that the same explosive
will behave similarly in & hemispherical chamber., Four differences in conditions
are to be noted. Firstly, the pressure-time history of the reflecting detonation
wave in the sphericsl case is foreshortened in time over what it is. in the one-
dimensional chamber. Secondly, the spherical detonation wave requires a high
degree of symmetry if the wave is to reach every point of the explosive simul-
taneously. The one-dimensional investigetion while very useful in other ways,
gave no information as to the quality of the planeness of the wave. Thirdly,
the variation from point to point of the ignition delay of the explosive must
not be too large. If the delay is not uniform over the entire liner, the initial
spherical symmetry will be lost. Finally, it was feared that the spherical
implosion would be unstahle to small disturbances. It was reasoned that since
explosion waves are stable in that shock front disturbances are damped out with
time due to the geometrical divergence and that planc waves are neutrally stable,
that implosion waves would be unstable due to geometrical convergence.

There appears to have been very little work done on the stability
of implosion waves. Zaidel and Lebedevil? have analysed the case for y = 7, & =3
and determined it to be stable. However, these conditions are not very represent
ative of the case at hand. Butlerll® has analysed an imploding wave for various
mathematical representations of disturbances and found some representations to
be stable. However, the connection between the representations and physical
reality is not clear. The verification of stability in this study would have
to be experimental.

An experiment was conceived which would provide conclusive answers
to most of the above questions. The nozzle insert which fairs in the hemispherical
chamber with the barrel was replaced by a solid copper plug 1.5 inches in diameter
and 0.5 inches thick. The plug served to seal the chamber and provided a witness
plate for the implosion. Two runs were proposed. The first using a stoichiometric
mixture of oxygen and hydrogen at 500 psi would indicate the degree of symmetry
of the expanding spherical detonation wave provided that the subsequent implosion
wave, which results from the reflection of the gaseous detonation wave at the outer
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wall, was stable. Calculations indicated that the pressures on iwplosion
would be greater than the yield strength of the copper block hence the region of
high pressure around the focussing region would be evident.

The implosion print, captured by the copper block is shown in
Fig. 99a. From th figure the symmetric indentation ~ 2 mm dia at the very centre
is evident and is proof of a very high degree of symmetry of both the exploding
detonation vave and the imploding shock wave. Spaced on either side of the center
depression are two less pronounced depressions which may have been caused by
subsequent cycles. The marks around the periphéry are peaning marks from
installing the block.

Next, a similar run was made using a 100 psia stoichiometric
oxygen-hydrogen mixture and an 81 gram liner of PETN. Any deviations in character
from the previous run would be caused by the explosive. The resulting print
is shown in Fig. 99b, The near perfect symmetry and the effect of the extremely
high pressures generated by the implosion is clearly evident. The entire copper
block has yielded and had begun to extrude down the barrel before the pressure
was relieved.

While the questions of the detonation wave symmetry, significance
of ignition delay time jitter and the validity of carrying across the results of
the one-dimensional study to the hemispherical case have been answered by these
crucial experiments, the question of the stability of the imploding wave is not
completely settled. However, it can be stated that if the implosion is unstable,
its rate of divergence is sufficiently low as to not to destroy the symmetry of
the implosion for the dimeasions and conditions experienced here. Whether or
not an implosion in a hemisphere several times this size, would retain this de-
gree of symmetry is not krown. Future work with the hemispherical chamber will
be done in an attempt to define the parameters which control the symmetry of
the implosion.

Implosion Pressure Measurements

The imprinis of the implosion left in the copper witness block
provide a direct but not unambiguous measurement of the pressuras produced on
implosion, Yielding of thc block occurs for pressures greater than the yield
strength of the material, hence the outer edge of the yield«d region fixes the
radial position of the implosion pressure which is equal 1o the yield stress of
the copper provided the material is assumed to yield irstantly. This assumption
must be taken with reservatior since it will require a finite length of time to
displace the surface of the yielded regions. As such the pressure "measured" in
this menner will be low by an undetermined amount., A sample taken from the
same bar assupplied thre tiitness blocks was subjected to a compression_test and
the static yield strength in compression dctermined to be 28,750 psillg.

An inspection of the <opper block from the gas run showed yield-
ing has occurred out to r = 0.5 ¥ 0,1 cm. For the explosive run, the eintire
olock had yielded hence pressures; greater than the yield stress extended beyond
r = 1.53 cm. An estimate of tne radial limit of the yielding that would nave
been obtained for a larger Llock was made by plotting the deflection versus radius
end extrapolating to zers deflection. This resulted in 2.6 < r < 5.2 cm. which
could be in considerable error as the extrapolation is large and the slope of
the curve is relatively shallow.
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These values are plotted in Fig. 100 with the peak presswres behiné
the incident and reflected shock waves for both cases using the implosion in a
sphere model. As shown previously (Sec. 3.1.4) the predicted pressutrés in the
stoichiometric case are about a factor of 2 greater than those predicted by
Brode for the same initial conditions, hence the predicted curves may be too high
by this amount. On the other hand the messurements are low by an unknown amount.
In view of this, it would appear that the pressures obtained on implosion are
in substantial agreement with what is expected for both the gas and the explosive
driven cases, at least np to the 28,750 psi point. Whether this agreement would
extend closer to the origin is a matter of conjecture which only further measure-
ments can resolve.

5. IMPLOSION DRIVEN LAUNCHER EXPERIMENTS

In this section the procedural details of the experiments which
were conceived and carried out using the prototype implosion driven launcher
will be discussed. The performance was discussed in detail in Sec. 3. ‘The
existing apparatus will be described with particular attention paid to the
limivations imposed on the performance by the weaknesses ir tii» protctype cham-
ber, as well as suggested steps that can be taken to overcome this and other
limitations.

5.1l.1 Launcher

The implosion driven launcher is composed of essentially three
assemblies, a hemispherical chamber, a barrel and suxiliary (ignition, gas, vacuum,
filling etc.) systems. A view of the launcher shown in the firing position is
given in Fig. 101.

TLe chamber is essentially an 18-in. dia. high-strength steel
block into which has been machined an 8-in. dia. hemisphere. A view of the
chamber in the opened position is shown in Fig. 102. As holes and "cutouts"
introduce stress concentrations and reduce its strength the chamber proper has
ne "ecutouts" in the walls in order that its strength be as great as_possible.
The chamber block is closed by a circular top plate which is placed on top of
the chamber, (see Fig. 2). In the plates (several different models exist) are
machined O-ring grooves for pressure and vacuum sealing, connections for the
barrel, high voltage feed throughs for bringing in the ignition wires, pressure
connections for venting and filling the chamber and in two of the plates,
numerous instrumentation ports. These have been used at various stages in the
launcher projectleo,lQl for a variety of instrumentation, heat transfer gages,
pressure gages, and ionization (time of arrival) gages in purticular. These
ports have been designed such that other instrumentation, fcr exampie photo geages,
windows for photographic studies etc., could be incorporated without difficulty.
As these ports substantially reduce the stif'fness of the plate, one top plate
has orly three holes: 'gas inlét, ignition and barrel connection, for the pur-
peie of containing higher performence runs. As will be seen later, even this
plate is not sufficiently stiff to contain the amounts of explosives that it is
desired to use. The others are severely limited in explosive applications. The
side of the chumber is threaded to receive a coupling ring whichscrews down on*o
the chamber and holds the top plate and chamber in ccatact.

A previous student experienced difficulty in unscrewing the coup-
ling ring after runs ir which O-rings were extruded between the chamber and top
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plate. Wnen this occurs essentially = gient friction device is pro-

duced which requires a iarge measure of brute force to release. To overcoxe
this, 2Y%-1% inch dizmeter threaded holes were cachined in the top plate and
fitted with socxet khead set screws. The coupling ring is tken brough To with-
in ~ 1/16 cf an incn of the top plate arnd the rem2ining clearance takep up
with the set screws. While this solved this particular problem, it suyb-
stantially weakened ap zlready marginzl design. Tbis point will be discussed
further in Sec. 5.1.2. The chacher asserbly is fitteé with 2 ring trunnieon and
is free to rotate through its center of graviiy 2bout z cross raage axis allow-
ing the charber to be tilted cver for firing and to be positioned vertically
for loading. The carriage is free to wove fore and aft to accozzodate various
length Derrels and the chatber is fitted with adjusting blocks for vertical and
cross range fine positioning.

Provision has been mzde in the top plate to fit an assorvcent of
barrel types. To date two different {ypes bave been usel: scooth dore 0.22-in
I.D., 2-in. 0.D. barrels of nominal & and 5-ft lepgihs have bees used, ard high-
pressure tubing types. The 0.22 in. barrels were fazbricat.d by the Canadian
Arsenals Small Arms Division® for this laboratory andé have perforesd admirably
in service. The maxirum barrel length obizinabie for this bore is liwmited to
five feet. Unfortunately the erosion which occurs in the high perforzance runs,
makes it necessary to cut off znd remachine the breech epd of the barrel to
remove the enlarged bore after only a2 few runs. Soze examples of erosicn are
shown in Fig. 103. The erosion shown in Pig. 103z is the resvlit of 6 to 8 runs
using constant volume cozbustion of stoichiometric oxygen-hydrogen diluted with
helium or hydrogen at initia2)l pressures of 10C teo 500 psic. In an attempt
to avoid this problemr, replaceable inseris were designed for the entrance region
%o the barrel. However, it was found that the barrel still eyoded downstream of
the joint between the main part of the barrel and the insert,63 probably as the
result of the increased heat transfer due to the tripped flow. An exampie of
the erosion of the insert caused by a single gaseous detonation run using 500
psia of stoichiometric oxygen-hydrogen is shown in Fig. 103b. It can de seen
that the higher pressures and temperatures of the cdetonation driven run con-
siderably increase the erosion. The oarrels are tco expensive ($150/unit) to
use in this fashion on a day-to-day basis, and have been used primarily for
low performance work and on special occasions, for explosive work.

An alternate barrel design which uses Aminco** type No. 45-12110 and
No. 145-11220 heavy wall tubing and whick has been reamed ard polished has also
been used. The quality of the bore finish dces not compare favorably with the
smooth bore 0.22-in. barrels and may have been respoasible for some of the pro-
jectile damage. Presently steps are being taken to improve the finish. As the
raw material cost for these barreis is ~ $4.00/ft and as approxisately 6 ir.at
the breech end must be 1e¢moved after each run, the barrel Costs are very favorable
provided the finish can be improved. An example of the erosion produced in .he
oarrel by a single 81 gram PETN run is shown in Fig. 103c. The erosion which is
very severe.extends to about 20 calibers downstream of the _.atrarce to the barrel.

* Canadian Arsenals, Small Arms Division, Long Branch,Ontario, Canada.

*¥ American Instrument Company "re., Silver Spring, Maryland.

gk

T e be——— W

o ec——— —— ek k TR A RO ks, i ke nmcn e il s ot . e . el = L

S .
Ly g

%
3

TR

AN b I At 8 T NN 2w PR NP Y AMBI ey

AR

N

St haid

R TR

i A

PRALLRAN

W TGO

FEHATVE SR ST ALNHRTTON S WA




The 0.22 in., dia. barrels are sufficiently stiff and short that no
support other than at the chamber and muzzle end is required. The length and
outside diameter of the Aminco tubing berrels is such that support must be pro-
vided at several stations alorg the length of the barrel, to maintain alignment.
At present; alignzment is taken from the outside diameter of the barrel. It is
rossible that variations in the wall thickness and concentricity of the bvore
way in fact result in 2 non-aligned bore as the manufacture:r = speziiications
require the variation in straightpness to be only less then .J«U in./ft. Future
improvement ir lzunchier performance will require an improvement both in barrel
finisn and alignment, as they are both very important at high velocities.

Auxilisry Systems

The hign pressure gas lines and the associated vacuum system, gages
ard valves, necessary for evacuating and £illing the chamber are incorporated
intc an integrated system for the entire range facility ard serve both the hyper-~
velocity launcher and the one-dimensional chamber. The system is discussed in
Sec. 5.1.4,

Ignition is accomplished by discharging a capacitor through a 522
hydrogen thyratron into an explcding wire which is held fixed at the origin of
the hemisphere. Minimum capacitor voltages of 6KV and a capacity of 7.5 mfd
(i35 joules) are sufficient to initiate a detcnation wave for most of the
operating conditions encountered. Of the stored energy (135 joules) only a
frection probably is dissipated ir the cxgloding wire. The remainder is lost
in the thyratron and cable. Earlier work 120,121 yas done with .exploding

wires, sore as long as 1.0 in., and with otner arrangements such as spark gaps
and small explosive charges. VWhile long wires are acceptable for deflagrating
combusticn they are entirely unsatisfactory for generating spherically symmetrie
detonation waves. Further, care must be taken to assure a goed electrical
connection at the inside of the electrical feed-throughs or arcing can initiate
the detonation at this point as well as at .the gep. Problems with unsymmetric
detonation waves noted in Ref. 121 were subsequently traced to this source.

For the present work an exploding wire ~ 1/16 in. long and 9.002 in.
dia. was pogitioned at the origin. This technique was developsd in conjuncion
with Watson®3 who used it to obtain excellent symaetry characteristics.
Symmetry was taker from time of arrival measurement of the outward moving
detonetion wave at three radial positions. The high degree of symmetry can
also be inferred from the focussing results of Sec. 4.9,

During the initial few firings of the chamber and range it was noted
that strong electrical interference fiom the exploding wire and its associated
circuitry was present on all of the oscillograph traces. This same electrical
interference was noted by Makomaski90 and prevented any quantitative pressure
measurements. The problem was traced to a number of ground loops in the cir-
cuitry, which were picking up the strong field created during the discharge of
the ignition capacitors. This type of interference is fairly coumon among
facilities or devices using high currents, as for example electrically driven
shock tubes and puised-plasma devices using capacitor discharges. + can be
avoided simply by removing the ground loops i.e., insuring that all grounds
connections return to a common ground by a single path. In this case the re-
moval of the loops reduced the interference to a tolerzble level. The noise
was further reduced vo virtually zero by shielding the entire ignition unit,
using RF suppressing capacitors on lines leading into the unit, using double
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shielded coaxial cable on the cable coanccting the ignition unit and the chambers
21d using a shielded connector at the chamber. RNo further trouble from this
source has been experienced since these modifications were incorporated.

SRS e R

i bl ks, o

5.1.2 Chamber Strength Consicderations

The peak pressures that are generated inside the chamber by the
detonating exrlosive are much higher than those usually encountered in gun or
shock-tube operation. Accordingly a critical review of the original design
calculations was undertaken before any explosive runs were attempted, to ensure
that unexpected failure would not occur and to place an upper 1imit for safe
operation on vne existing launcher. The chamber was designed by a previous
student in 1960,122 and first assembled in 1961.123 However, it was not, hydro-
statically checked until the present work. .

AMEgns
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In the sections that follow it will be shown that the originsl de-
sign calenlations were based on very optomistic and in some cases highly un-
realistic models. As a result, the strength of the chamber is not nearly the
assumed 100,000 psi steady state design condition., Subsequent modifications
to the chamber assembly by other students further reduced its strength till it
was more like 5,000 psi steady state a factor of 20 less than originally planned.
Some improvements have recently besen made in the form of triangular back-up
rings, a stiffened top plate to bring the limiting  pressure tr approvimately
23,000 psi. A design has been made that can contain 100,000 psi steady state,
the original design goal., However, it has not yet been built pending future
launcher developments. ;

UTR S 33 AT RPN Sas IO T2 LT AR AT T

Chamber Block

The chamber block was probably designed using thick wall spherical press-
ure vessel theory. Detailed calculation do not exist for the record, but the
dimensions of the blcck seem to supportthis hypothesis. Provided that the
internal pressure p is less than Uy/0.65, the maximum tensile siress which occurs
on the inrer surface and in the direction ﬁf the circumference is giver for
thick wall spherical pressure vessels by12

r o +0bop
<_£§= y (5.1)
ry cy - 0.65 p
The maximum hemisphere that can be included in the chamber has a radius of 9.0
in. The inner radius is k.0 in., the minimum guaranteed tensile strength of the
material (Atlas. Steels Company AHT—28)12§3170,000 psi, hence from Eq. 5.1, the
maximum steady state uniform pressure that will produce yielding at the inside
surface is 252, C0O psi.

This figure is to be regarded with reservation as the stress a%t the
inside radius will be different since the actual chamber is not spherical but
hemispherical. An estimate of chamber strength can be made from hemispherical
considerations if the free diametrical plane is considered as a thin "washer
like" ring. Applying Lame's thick wal& cylinder criteria, the maximum pressure
for yielding at the inner radius is 12
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114,000 psi

a factor of 2.2 lower. While the pesk pressures produced by the explosive at

the inner wall are well in excess of these two figures, the "average" pressure

is considerably less. However the epplication of any kind of "average pressure"
. taken over an arbitrary time interval is not a realistic criteria as the time

interval can be adjusted to give esseatially any desired "average" pressure.

The realistic strength of the chamber can only be obtained by doing a complete

dynamic analysis, which is beyond ihe scope of the present work, but is presently

being investigated at UTIAS, 1In the absence of a complete dynamic analysis the

static design criteria has been applied, and indicates a positive factor of

safety at 100,000 psia for the chamber block.

Top Plate

The top plate which closes the chamber is subjected to the same high
pressures. The existing plate was fabricated from a circular slab of AHT-28,
18.0 in.dia. and 2.5 in. thick, heat treated to give a yield stress of 190,000
psi. The O-rings limit the diameter over which the chamber pressure acts to
8.625 in. The O-ring groove is 0.203 ir. in depth leaving a minimum thickness
of 2.297 in.

e MR ¢ bt M e sl oo M e S ey

The design calculations for this piece are a matter of record and can
be scrutinized critically. The plate design was based on a thin circular plate
plate theory, assuming clamped edges as in case "a" of Fig. 104. The radius of
the opening was taken as 4 in. instead of 4#.31 (a factor, of 1.16 in stress and
1.34 in stiffness), and the equation for stress was erroneously taken with a £3
in the denominator instead of t< (another factor of 2.5 in stress). Further,
the maximum thickness was used rather than the minimum. No account of the
instrumentation and barrel attachment holes was made. It was further assumed
that the coupling ring would not deflect, hence & clamped edge constraint
applied. This last assumption is highly unrealistic as the coupling »ing is con-
siderably thinner than the top plate (1.750 inches compared to 2.50 inches) and
has a large 8.5 inch diameter hole in the center, consequently it lacks the
stiffness sufficient to justify the clamped edge constraint. Later modificatiuns
reduced the stiffness of the coupling ring even further.

e e

. st - i e

In short, the calculation was both erroneous and highly optimistic.
The calculations showed a design limit of 238,000 psi. If the calculations are
performed correctly for this highly unrealistic model, the design limit is
closer to 108,000 psi. The relation for maximum stress versus pressure is shown
in Fig. 105. Tigure 106 shows the maximum deflection at the center for this
model, to be 0.018 inches at 108,000 psi, which would have been acceptable pro-
vided this model were wvalid, which clearly it is not.

As seen in Fig. 107, which shows the various existing ana proposed
top plate designs, the top plate was originally designed to be held down by
direct contact with lower face of the coupling ring. This design was very
susceptable to jamming and was consequently modified in 1964 by the addition of
two rows of set screws at r = 5.875 in. and » = 7.50 in. While this solved a
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serious jamming problem it further reduced the stiffness ¢f the plate by the
addition of weakening holes and by moving the radius of the restraining force
fromk.25 in. to 5.875 in. This case is represented schematically by case C of
Fig. 104, . Since the strength varies as ro<, moving the restraining force location
by this small amount reduced the strength by a factor of 1.91 and stiffness by

a factor of 3.65. The weakening due to the holes is not calculable by simple
means, but is probably of the same order.

- It was desirable to confirm the strength and stiffness calculations
by a hydrostatic test of the assembled chamber, A strength check, i.e., to
measure stress on the inside of the chamber, as for instance using strain gages,
would be difficult. The simplest and most straight-forward method of verifying
the model is a deflection-pressure test, which was performed using a number of
dial indicators spaced across the top plate and coupling ring. While some of
the indicators actually measured deflection of the coupling ring, the coupling
ring is directly in contact with the top plate at two rows of set screws hence
the measurement is directly the top plate measurement at those places and
approximately the top plate measurement at places away from them. The slopes
of the measured deflection~pressure curves are plotted as deflection per unit
pressure versus radius in Fig. 108. This mode of presentation permits both
deflection-pressure information and deflection profile to be prescated in one
tigure. The "volcano" like shape of the curve rather than the "bell" shape anti-
cipated is a consequence of the 2.680 in. (across flats) hexagonsl plug in the
center, and the fact that the coupling ring is not providing a clamped edge
constraint. It is seen that the deflection at the center is approximately 36
times that predicted using the optimistic clamped edge model.

While it cannot be stated conclusively that the original (no holes)
coupling ring design was inadequate, as the additional set screw holes have
made it impcssible to measure the deflection for a "no hole" case, it seems
highly unliikely that the original coupling ring had adequate stiffness to
Justify a clamped edge constraint for the top plate. The deflection at the
center which corresponds to incipient yielding is 0.093 in. However, the O-rinys
wovid have extruded prior to this in a manner shown in Fig. 109. Taking the
deflection at the first O-ring (from Fig. 108 as § = 4.1 p pin/psi and an
analytical representation fcr the extrusion data 2 suppiied by the O-ring
manufacturer, as - 61

Prailure = 11.4 8 kpsi/thousandth

1500 < p < 10,000 psi (5.3)

and bolv1ng yields as the limit pressure for the existing top plute as L4820
psia. The extrus1on data is probably conservative, hence this Limit is probably
low.

It should be noted that ghis apparatus was used oy Watson for constant
volune combustionl®® and detonation®3 driving. No troubl: was experienced with
runs producing average pressures up to ~ 2500 psia. Rurs producing pressures
in the range of 5000 psi generally caused the first O-ring to fail while the
second cn2 held. Those runs attempted which yielded wressures in excess of
10,000 psi caused both O-rings to fail., These resul’s are in general agreement
with the present analysis and suggest that a safe Limit on the existing top
plate is ~ 5000 psi if both O-rings are required to hold. Pressures up to
approximately 10,000 psi can be contained if inner O-ring failure can be
tolerated, however the action of the hot gases leaking past the O-ring has a
deleterious effect on the "O"-ring seating surface and this type of operation
should not be attempted.

98

P

Lo il av

S8 ey HCO

Long ILTAAL,
i

i

e
giatardnon

Ui



TR
R
.
Al
H
i
§
1
%
1]

A more realistic anslytical model of the existing top plate is that
given for a uniformly distributed localized load, freely supported at the edge
as shown in Fig. 109¢. The maximum stress for this model is given by:

0_ )4 5( 2 ro\ rogP (5-1“)
t
min = 2-297 inches)

10.9 p (5.5)

PRl i

For the geometry under consideration (r = 9.0 1nches, t

(o)
max

Assuming a maximum allowable stress of 190,000 psi gives a pressure limit of
% 17,400 psi. This relation is also plotted in Fig. 105. The defiection at the
: center for this model is given by

_ 1l »er 2p (5.6)
which for this case yields -6
5 =5.82 x 107 p (5.7)

max

This relation plotted in Fig. 106. One notes the excellent agreement between
this prediction and th. measured deflection of the existing top plate. This
is partly fortuitous since no account has been made for the holes, a factor
which is probably balanced by the coupling rings contribution to stiffness. :
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It should be clear that for the existing top plate che O-rings set
the upper limit in the pressure at ~ 5000 psi, but that even if this criteria
could be removed only modest gains (to 17,400 psi) could be made due to the
inherent lack of strength of the existing top plate.

T

R o~ 34

% Improved Top Plate i
E It should be clear from the last section that the existing top plate !
é was hopelessly inadequate for use with explosive driving. An improved seal '
3 design would not help much since the pressure to produce yielding was only ;
é 17,400 psi, hence a new top plate was required, one having a substantial improve-

ment in both strength and stiffness. i

Two top plate assemblies were designed. The design to contain |
100,000 psi (named thehigh-pressure top plate) required both a new top plate
and coupling ring to meet the requirement. The lowest bid for the fabrication
of the assembly was $4,500.00, about twice the original cost of the chamber,
and an uncommonly long delivery time. It was decided to design and build a
less costly top plate, the "improved top plate", by using the existing nut,
: improving the O-ring design and increasing the thickness of the top plate at
E the expense of the load being taken up by fewer threads along the side. At
A ) 100,000 psi the shear stress in the threads is 73,400 psi assuming that only
of the threads are effective. Slncs the yield strength in shear is 105,000
psi (0.62 of the yield in tension)1®”? the threads have a safety factor of 1.43.

The improved top plate, as seen in Fig. 107c, is stepped. It has a
thickness of 3.000 in. at the periphery and is 5.000 in. thick at the center
step, which is 8 in. in diameter. The number of holes is reduced to the absolute
minimum of 3; - one each for barrel, ignition lead, and gas fill line instead
of the original 13.
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The step provides primarily for stress. relief around the holes,
Theoretically the ratio of def¥lection for stepped plate simply supported to a
plate of uniform thickness sinply supported, for uniform loading, is given byll9

5 t - \3 RN .
b))
uniform “i 0
(5.8)

where subscripts o and i stand for outer and inner respectively. For the case
in point, this ratio is C.881 or the step reduces the center deflection by

12%. This contribution will be most noticeable in the center region. The

major portion of the improvement comes from the increased thickness of the plate
3.00 in. instead of 2.5 in. (or 2.790 in. instead of 2.797 in. at the O-ring
groove) giving a factor of 1.49 improvement in strength and a factor of 1.82
improvement in stiffness. These relations are plotted in Fig. 105 and 106.

The calculated pressure that will just produce yielding is 25,900 psia. The
deflection at the center using Eq. 5.6 and accounting for the factor 0.881
calculated for the step is given by

5 =2.93 x 1070 D (5.9)

The original O-ring design was also replaced by one using a triangular
metal backup ring on a suggestion from the O-ring manufacturer. The triangular
ring, shown in Fig. 109 which is made from a ductile material, deflects into
the space left by the deflecting top plate preventing the O-ring from extruding
and insuring a pressure-tight seal at pressures that would have caused extruding
for the conventional design. If the back-up ring is assumed to fail by shearing,
a pressure tou fail, which is a funggion of the gap dimension, can be calculated.
The results of such a calculation1 { are shown in Fig. 110. The limiting steady
chamber pressure is given by the intersecting curves, which for the brass rings
is 38,000 psi. Doubling the shear stress of the material to 76,000 psi by using
stainless steel rings, say, increases the limit pressure to only 49,000 psi,
an improvement of a factor of 1.26., This cannot be carried ad infinitum since
a ductile metal is required to deflect and seal the gap. The figure does show
the powerful effect of plate stiffness. Increasing the stiffness by a factor
of 2 resulvs in an improvement in limit pressure of a factor of 1.57 (to 60,000
psia) even using brass and increasing the stiffness by a factor of 4 gives a
factor of 2.35 (%o 91,500 psia) for this model. It is clear that the O-ring can
be made to withstand very high pressures without extruding by the use of tri-
angular back-up rings provided the deflection is kept very small.

To verify these calculations a hydrostatic test of the improved top
plate was also carried out. While hydrostatic testing is much safer than
using high-pressure gases, say, the elastic strain energy in the apparatus is
the same and considerable damage could be caused if the structure were to fail.
Accordingly, the pressure intensifying equipment which can produce up to 100,000
psi was located remotely from the apparatus. The apparatus was located in the
blast room which is separated from the rest of the range by a one-foot thick
reinforced concrete wall., The dial gage readings were monitored remotely using
mirrors and a telescope. Loading was stopped at 26,700 psi after it was noted
that the deflection - pressure curve had changed slope.

The deflection measured at the center is plotted on Fig. 106. We

note that the predicted values and the measured values agree quite well, lending
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support to the calculations. The deflection per unit load is plotted as a func-
tion of radius in Fig. 108. A substantial reduction of the deflection curve
with a general flattening in the center due to the increased plate thickness

in this region is observed. The deflection is caused primarily by the outer
edges and the poor constraint 6f the coupling ring. If the coupling ring could
also be stiffened a considerable improvement in the maximum pressure limit would
be obtained.

As with the previous test, no strength (strain gage) measurements
were made. However the yield limit was found in an indirect manner. Figure 111
shows deflection load curves taken for several stations. At ~ 23,000 psi the
slope changes sbruptly. It appears that yielding has occurred at some plate in
the plate and that the increase in load is being taken up only at the expense
of an increase in rate of deflection with load. That is to say part of the plate
is now in the plastic range with a corresponding increase in slope of the strain -
stress relation. This velue compares favorably with the predicted yield of
25,900 being ~ 12% lower than the prediction. No measurable set was noticed
when the pressure was released. However it is expected that a permanent set
would be produced if plastic regions extended significantly, that is, if this
pressure limit (23,000 psi) were exceeded by a significant amount.

It should be clear that the improved top plate can withstand steady
pressures up to 23,000 psi, a limit which comes from strength considerations
rather than O-ring extrusion considerations. Further increase in the pressure
1limit could come only by stiffening the coupling ring. However the much stronger
"high pressure top plate" assembly would be more desirable than an improved
coupling ring.

5.1.3 Sacrificial Metal Liners

The pressure generated at the explosive/metal interface, as discussed
in Sec. 2.5.2, is for short times, several orders of magnitude greater than the
yield strength of tne metal of the chamber, hence plastic flow, distortion and
possibly fatigue failure will result. As there are no known materials that can
withstand these stresses, a design predicted on a philosophy of disposable
elements is necessary. Ideally, an inexpensive disposable "sacrificial" liner
that protects the surrounding chamber from damage by containing the plastic flow
is required.

Fortunately, the problem of the propagation of plastic-elastic waves
in solids has been attacked in the very recent past, and some theoretical results
are available. The essence of the plastic-elastic wave propagation problem is as

follows. When a solid experiences at a boundary a normal stress (pressure) greater

than its yield strength a shock wave is propagated into the material. Because the

plastic and elastic waves travel at different velocities, the shock wave bifurcates

into separate plastic and elastic waves. The plastic wave moves at a slightly
slower velocity ( ~ 0.8 C¢) than does the elastic wave which propagates at a

velocity given by 1
2
Co =<§> (5.10)

If the problem is planar and if.the driving pressure is maintained, both waves
propagete to infinity. In the case of cylindrical and spherical geometries, the
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geometric divergence causes a reduction in the stress levels until at some
point the plastic wave vanishes even for steady pressures greater than the
yield stress. If the driving pressure is decreasing with time, relief waves
will continuously weaken the strength of the plastic wave and limit its
penetration into the solid. For the purposes of protecting the launcher chame
ber from plastic flow.a sacrificial liner having a depth equal to or greater
than the depth of penetration of the plastic wave. is required.

I?of. R. C. Tennyson of UTIAS, who is currently working on some
related problems, studied this problem at our request and was_ahle to deduce
an empirical general relation from the work of Freidmanet a1l , Wwhich pre-
dicts the depth of plastic flow in a.givenimaterial: fon.cases where the pressure~
time history is of the form

P =D (5.11)

where

and

119

From his analysis the radial depth of plastic flow r_ is given by

P
0.151 anRg

c
r. =R e (5.12)
0.151 on Rg

Ce

This relaetion is plocted in Fig. 112,.. If the second term in the denominator
is smaller then the first, i.e., n >> C/0.151 & R, tnen (5.12) becomes

- o.15; a Bo
"R T O.51 G Ry (5.13)
c

or in terms of the depth of penetration,dp;

= - - & c
dpy = Tp1 - Ro = FEET G (5.14)

The depth of penetration of plastic flow is directly proportionately to the

sound speed of the liner material and imwversely proportional to the time constant
of the unloading rate, which is in turn related inversely to the explosive thick-
ness, and the initial gas pressure. Low sound speed liner materials, i.e., iow
elastic modulus and high density, thin explosive layers, and low gas initial
pressures are desirable. The difficulty in applying ?gs. 5.12 through 5.1% is
that of fitting a "reasoneble" exponential to the t~2/3 time decay of the pressure
at the explosive metal interface, since the time constant & is continuously
variable for & t-2/3 decay. The problem of generalizing the analysis to include
different lcading profiles is presently being considered by Prof. Tennyson.
However, no additional results are available at this time.
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Unfortunately, very little experimental data exists on dynamic plastic
flow penetration in general and none for cases which would be applicable to the
present problem. Several exploratory runs were made in the 1=D chamber. .. . in
an attempt to estimate the thickness of liner reguired to protect the hemispherical
chamber. ILead discs 0.040 in. thick were placed between nominal 1-2 gram
layers of PETN and the face of the explosive cups. A close inspection of the
surface of the explosive cup after the explosive hed detonated for a 100 psia .
run showed that plastic flow penetrated through the shims in tests where one or |
two shims were used but that it would not penetrate through three shims. In
other words, the depth of plastic flow in lead for this loading ( p = 0.588 gm/cc 4
d ~ 0.1 in., pj = 100 psia) was between 0.080 in. and 0.120 in. As a rough rule ;
of thumb, at this packing density, for a given thickness of explosive, an equal
thickness of lead should be used for each 100 psi of initial pressuve. For
example, for a 0.1 inch liner of PETHN at an initial pressure of 150 psi, would
require a 0.150 in. or ~ 3/16 in. lead liner to protect the chamber from damage
by plastic flow. How far this rule of thumb can be extrapolated cannot be
determined from the - limited data presently available.

To utilize commercially available materials, lead liners of 1/16,
1/8 and 3/16 of an inch were made, and have worked satisfactorily in service.
After numerous explosive driven runs, the present wall surface indicates no
damege except for very localized ( ~ 1/16" dia.) deformations. It is hypothesized
that these are the results of shock wave intzraction and reinforcements that 3
occur when a void of this dimensicn is left in the explosive liner, as the
dimensions are of the same order as the cell size in the open core foam matrix
used as a structure Tor the explosive. From a long term point of view, either
the explosive 1liner manufacturing tolerance will have to be tightened to pre-
clude the voids or the sacrificial liner thickness will have to be increased to
protect against the localized higher pressures.

= -
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5.1.4 Launcher Laboratory and Instrumentation

An elevation view of the UTIAS Hypervelocity Launcher Facility is
shown in Fig. 113. The implosion driven launcher is located in a blast room
vhich is separated from the rest of the range by a 12 in. thick reinforced
concrete wall. The remainder of the walls of the room are of the "blow oyt"
type and are designed to blow out at a small pressure differential and prevent
any buildup of pressure. Access to the blast room is through two-2.0 in. thick
steel doors. Gases are stored in high pressure bottles behind a protective
shield in this room.

n i o e ———

The range is located in a high bay area, 80 ft. long and is com-
posed of a blast chamber, three range sections and an impact section. The
present blast chamber which is 2.0 ft. dia. by 6.0 ft. long and has a volume
of 18.8 cu. ft.serves to contain the bulk of the expended driving gases. At
present, it is connected directly to the rest of the range. Future plans call
for increasing the volume of the chamber and providing a quick-acting shut-off
valve to isolate the rest of the range and trap most of the driving gases.

The range proper consists of three sections which can be isolated from one
another by thin plastic diaphragms and evacuated to different pressures. The
gases simulating the atmosphere under investigation can be set independently .
in each section to alluw several different experiments to be performed during .
a single run. Section 1, which is 2.0 ft. in diameter by 15.0 ft. long, has

twelve 8.0 in.dia. windows arranged four to a station. Recently, two

o .
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additional sections 3.0 ft. dia. by 18.0 ft. long have been added ‘o extend the
capability of the range. They contain 16 observation ports each, arranged in
sets of four per station. An impact section containing instrumentation for
impact work is currently in the planning stage.

Views of the range are shown in Fig. 1i% and 115. The projectiles
that are accelerated in the launcher, are released in the blast chamber, which
serves to contain most of the driving gases and the resulting explosive pro-
ducts. The velocity and orientation of the projectile is measured during its
traverse of Section 1 by three light screen velocity detectors and three spark
shadowgraph-schlieren systems. Sections 2 and 3 have not been used to date and
a temporary impact station has been installed between Sections 1 and 2.

The velocity measuring system which was originally in the range was
a photomultiplier-light screen type. The system was apparently designed for
large models having low velocities, as the ©.22 in. one caliber projectiles could
not be detected at velocities greater than ~ 9000 fps. The present velocity
system which was purchased to replace the 0ld one was designed and manufactured
by the Aerophysics Branch of Computing Devices of Canada, Ltd.* It is also of
the light-screen-photomultiplier type, but has the capability of measuring 1/32
in. dia. particles up to velocities of 30,000 fps and 0.22 in. dia. projectiles
at velocities well in excess of any contemplated for this facility at this time.
The units produce a 6.0 volt pulse with a 20 neno-second rise time and a 100
usec. duration. A 40 millisec. one shot feature is incorporated in the circuit
and precludes spurious signals from sabot, debris, wake etc. The system has
been in operation over one year and has performed admirably. The only main-
tainance required is the occasional). changing of a battery and routire cleaning
of the associated range windows with each run.

The range also has three in-house designed and built shadowgraph-
schlieren systems which are located in the first range section. They have a
field of view of 6.0 in. dia. and a spark light source with an effective pulse
width of 200 nanosec. They have been used to date primarily for verifying
projectile integrity and orientation and occasionally for flow field studies.

Range Control Center

Adjacent to the blast room and the range, in a room which has 12-in.
concrete block walls, sand filled and reinforced with rods, is a "human-
engineered" range control center. The entire operation of the range with the
exception of explosive loading and special instrumentation can be controlled
from this one location. A view of the control room is shown in Fig. 116.
Controls on the center and right panels are for the vacuum pumps and valves
for evacuating the range sections which may be controlled jointly or separately
and pressure instrumentation for monitoring the pressures. Provision is also
made for metering air or other gases into the sections, also jointly or
separately. On the left panels are the controls for evacuating and loading
gases into either the one-dimensional chamber or the hemispherical launcher
chambey .

A schematic of the system is shown in Fig. 117. The gas cylinders
(hydrogen, oxygen and helium) are located behind a protective panel in the
driver room. Solenoid-operated fail safe shut-off valves are provided between

* Computing Devices of Canada Ltd., Ottawa 4, Ontario.
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the hydrogen and oxygen regulators and their respective high-pressure lines to
. allow these gases to be shut off in case of an emergency. The high-pressure

& lines are routed overhead to a mixing manifold. At the mixing manifold each

A gas line is comnected to the main manifold through two-solenoid operated valves,
a coarse valve that has a 1/32 in. orifice that permits high flow rates for
flushing and large volume flows, and a fine valve that is connected in series
with & metering valve, that allows fine adjustments. The mixing manifoll
assembly can be seen in the background of Figs. 101 and 102. i

: By adjusting the metering valve, extremely low flow rates can be

E obtained. By operating the remote switches for these solénoid valves the

: pressures in the chawber can be set with an accuracy equal to a hand operated

£ . valve. Keeping high pressure manifolds out of the control room is the prime

9 advantage of this system. However, valve life is essentially unlimited since
the valves are opened and closed with the same force and over-tightening and

! subsequent leakage inherent in hand-operated valves is eliminated. This

source of wear can be an irritating maintainance problem particularly when meny
different people are allowed to operate the system, each with his own "feel"

as to how tight a valve must be turned off to prevent leaking. Ignition
voltage and firing controls are located in the center panel. A system of
interlocks is incorporated into the system and provides essentially "fool proof"
operation, i.e., certain otherwise hazardous functions are rendered in-

C operative unless conditions which are safe for their operation are satisfied. 7 o
For example: values connecting vacuum gages to the manifold cannot be opened .
unless a pressure of one atmosphere or less exists in themanifold, metering {
¢ valves are.inoperative until vacuum gages have been icolated, etc. Further ;
the launcher cannot be fired unless all valves, switches, door interlocks ete.
are in the "safe" position.
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Because of the human engineering that went into the design of the
: control psnel, new operators can learn how to operate the entire range in a
¢ very short time. The layout of the graphic flow diagram plus the associated {
k. signal lights greatly simplifies training. Another factor that facilitates
3 operator training is the system of safety interlocks. Since a new operator ,
3 does not have to worrs about damaging the apparatus by accidently pushing the
b wrong button, he can concentrate fully on learning the operation of the system.
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5.2 ‘Thoe Bxplosive-Liner Pzeloge

Toe hige degree of syumetry, whuch is reguired o odfain &ze
high prescures and tecperatures o2 imdlosion, cazn be atizirmed cnly if the Toler-
ances o the exrplosive package are sirimgenily maintzined. Veriztiozs in explo-
sive thickmess or unifcroity, ignition asyometry wonld zroduee asymnetries which
would sericusly degrade lemrcker performance. TFests in wkick cymmetry wes pur-
pesely periurpeq Izaiczted ths L performance f211s szpidly as the syommelry is
degraded. Tor exasple, using gaseous Cetozztion driving, 2 deercase in per-
forzance of core than 30 rercent wes obtairsd by chanzing from 2 “point source™
1/16 in. iong to an ignition wime 1.0 in. lomg. &n expiosive rua in which tke
upper part of the explosive liner hzd become detzched, did nmot even succeed
in bursting the dizphragm. The sz run usier rorral cozditions would bave
produced pz2zk pressures if at least oze order of mzgmitude grezier thzn the
purst strength of ths dispbregm. In short the cualify ard undforcivy reguire-
mencs of the sxpiosive iiner czxnnof bs corerstressed.

Iezd 1lipers of z thickroess mecessery £o coziain the plasiic
fiow, were fzbrizzted by z locz. camufacturer from sheet lezid usipg spinning
techniques. As a sing:e mpale mandril was uvsed for 2il sizes, soce fing” fitting
ard trizming wes necessary to zzich the contour of the existing chzaber. Toe
liners were washed ir solvent to rezove the 0il used in {Ze spimming operation
and four previcusly presared orange peel segmenis of opex core foanm plastic¥
were cerented in place in ezga. The plastic was trirmed 2t the edge azd set
aside o G-y. The liner and plastic czirixwss weighed using z ckhemical balznce
an accurary of ¥ 1.0 =g. Toe IETH which wz2c vreviousiy prepzred in a2 slurry
with approximately 50 percent weier was poured into the suell zzd forced into
the pores of the plastic using a- rubber spaztula. Care was taiien to see that
2ll the pores were filied ip order to preveni local high rressures wkich Dene-
trate the liner. Finel touches to bring the thickness even with the top of
the plastic feam matrix were made using 2 pzint brush 2zzred witn: water.

The assermblies were placed in g waro air drafé to dry. Tke dryipg cycle

takes several hours for 2 100 gram iiner. The dryness of tke FETIH can be
det=rzined from the color and textu-e of the surface by experienrs. Cood
results require that the liner be completely dry before usirg or the zmea-
sured weight will be incorrect. ter the drying cycle, the asserblies were
weighed ogain {o determine the weight of the dry FETH. Tne assemblies were
then stored ror lzter use. As the FETN is dry, it is core sensitive to initia-
tion acd crumbiing, hence handling consistant with 2 deiicate device and ex-
plosive materials is required. The lead liners, particularly the 1/16 in. onmes,
arz easy to deform znd reguire Light handling.

A view of a mock-up showing the steps taken in the manufacthure
cf the explosive package is shown in Fig. 118. Section 1 shows the lead Yiner
prior to the loading of the explosive. Seztions 2 ard 3 show the application
of the open core foam plastic matrix, which is used to provide strength for tue
explosive and as a gage for thickness. Section 4 shows the PETN after it has
beer dried.

To use tor a run, the xompieted package need only be placed in
the chambe: and seated securely ageinst the chamber wall., A thin coating of
releasging agent has beer found 1 :lpful in the asszubly of the explosive package
in the chamber and also facilitates the removal of the liner after a run. In
* Scott Paper Company, Chester, FPennsyivania, U,S.A,
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the zbsence of the relezsipg agesnt, the lezd alteres to the chzmher. 24n §
exzrole of tie remeirs of 2 lirer pec¥age zfier 2 rum is shown In Fig., 1312, 7
Tee meldied lezd which zccurmmiztes in £Re botiom of ithe chamber during ihe :

i

ren is 2 restlt of ike keat traosfer from the hol gzses top the limer, It is
felt that the meliirg occurs lzte 3Im the cycle zad does nol comromise ihe
spoericity of the cterber drring the time the projectile is in the barrel.

6. FFEZ WEX

It showmid be zpparent from the preceding seccioas thaf many

A of the guastions znd mroblers that existed 2t the inception of the mresent worx
- sueh as the explosive iniziziion mredlenm axd the physics of the izpigsion in 2
%. ] smiere, bzve now been aneswered. It skould 2lso te clear that other prodlezc

hzve Seen uncovered, woich: rust be solved for 2 corplete urdersteapding of tke
imnlosioz driven Zzmncher, and if the device is {0 2e cocpletely successful.
In ghis section, thesa problens will be enumsrated and suzsestions made as to
their possitle solution.
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6.1 DPrcblex Arezs in the Present Work and Suxgesied Zxtencicns i

Tze key technical problen  zt this point is projectile inte- '
grity. If projectiies that caen withstand the yery higk and repeated zccelers- }
tioms thet zre inkerent in the icpleosion driving comcept cannct be found, then i
thisc techniqu2 is not prectical. Tnis would be cost unforiurate since high K
perforcmence is ipberent in the device provided the projectiles can withstand
tke accelerations. At present, the cocd zroug workers Ze this field is pessi-
mistic. However, it is icportani to note that up %o the present, relatively
2ifize serious work has been done on this problem, which affects all 1anncher$,69
this particular one core so than the others. Work kas tegun at this laboratory
on this specific problean. It is suggested that the research should first de-
fipe the actuzl oode of failure, as so far, no clear-cut evidence exists as ]
tc just how ths projectile fails. After determining thne feilure mode, effort
can be applied logicelly to vrevent failure, if possible, through rational
projectile design materizls selection or improveweas of the oroperties of
oaterials.
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Anotner very iwmportant area of study, is one of losses. The
hot gas in contact with the wall gives rise to a convective heat loss. This
is true not only durirg the cyciing of the shocks in the chamber but also for
theges that is dviving the projectile in the barrel. The high temperatures
near the origin also generate a high radiative heat loss, which while being
partially blocked by the gas behind the shock, has essentially a transparent
gas ahead of it and a nearly "black” cold sink at the wali. The rediative flux
is not only & loss mechanism but can also preheat the unshocked gas and signi-
3 ficantly alter the shock conditions. The problem of radiative coupled flows
. is difficult in itself. The additional complication of hemispherical symmetry
and imploding shocks would make this a first rate analytical and experimental
research problem. Experimentally, the temperature at the shock front, and
radiative fluxes could be determined using spectroscopic techniques or total
flux measuring gages.1299130. If the loss rates are high enough, the surface
4 of the chamber, the nozzle entrance, and the barrel will ablate significant
amounis of dense material into the flow thereby lowing the performance. Studies
of allthese aspects are essential in order to obtain realistic results for com-
parison with experiment.
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&s ceptiozeé in Sec. 3, to obtain a compleie performance pro-
gz regquired z pusher of guestionszble assucptions, for example the assuoption
that the pressures zt the projectile azre related to the pressures at the origin
of the sphere at the sa=e instant of tire. To cake the next step, i.e., to
account for the shocks and expansions that are proregziing up ard down the _,
barrel, reguires a finite-difference calculation such as was done by Seigelso.
Even Seigei's program, which is one of the rost receni does not account for
prejectile friction, nor radiative or convective losses. While this program
is presently being adapted to the georetry of tke implosion driver and an
optirgzation of the launcher is being donme by Sevra;gg, from 2 long range peint
of view the extensicn of tkis program to inciude both laminar and turbuleni gas
friction, projectile friction, and convective and radiative losses, should be
éone. Considering that it bas taken neariy e decade to advance this far in
the state of ihe art of rerforcance predictions of hypervelocity launchers, these
last effects are not going to be incorporated in 2 short period of time, but
cust be done if accurate perforcance predictions are ever to be cbtained.

There zre several well-defined analytical problems. The
solution, either numerical or analytical of the specizl case of an explosion
with initial conditions

p = P

C
D = '[)r-6 (6'1)

-0
a = U&r-ts/e

which corresponds approximately to the reflection of an implosion, would shed
considerable light on a phase which is not well in hand at present. Also an
analytic solution of the classical implosion prcoblem might allow further use
of the resulting relations if they were sufficiently simple. An analytic solu-
tion wculd also yield § as a function of 7 , which is known only numerically to
date,

The problem of an "implosion in a sphere" as attempted in this
work, could be refined. While a "self-similar" solution, in the usual sense,
does not appear likely, a solution that gives a plane-like character initially
and then approaches a form resembling the classical implosion at iater stages
aund explains some of the present anomalies would be very useful.

Finally, it is important to note that the absolute stability
of the implosion wave has not been proven in the present work. However, it
can be corcluded that if the implosions . are unstable, the rate of divergence
is sufficiently low that complete luss of symmetry does not occur in the dis-
tances of the present experiments. A proper analysis of the stability of an
imploding shock, which is very much a part of the launcher concept is a task
that will require much physical insight and mathematical skill.

6.2 Extension to Larger or Faster Facilities

Presently under study is the feasibility of a launcher for
accelerating a 1.0 in. dia., one-caliber projectile to 50,000 fps. Initial
estimates are based on a pr:jectile density of 1 g/cc, although projectiles of
this density,capable of withstanding pressures in the 10° psi range have as yet
not been produced. Initial estimates suggested a chamber size of 30 in. dia.
However, it appears that much smaller chambers may be betier suited to the task.
A study model of a 30 in. I.D. launcher is shown in Fig. 120.
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Using the present performance model an estimated performance
plot for this type of launcher is shown in Fig. 12i. .Tt -should be kept in mind
that at present only half the estimated velocity has been attained in practice,
The figure shows that 1.5 x 10% Keals ( ~ 10 kg of PETN) would be required to
attain 50,000 fps. Preliminary calculations indicate that a chamber can be
made to contain this amount of explosive in safety. A smaller chamber would
decrease the amount of explosive nzeded and improve the strength to size ratio
of the device. These figures which are included only to indicate what per-
formance may be expected from this type of launcher should be considered pre-
liminary as detailed performance estimates must await the improvement of the
present performance predictions and an optimization of the entire launch cycle.

T. CONCLUSIONS

Several key technical problems of the implosion driven launcher
project have been successfully solved in the present work, among them the
generation of stable,centered implosions by detonatirg, safe, secondary ex-
plosives initiated by gaseous detonation waves. A fuller understanding of the
processes that occur inside the implosion chambei has also been obtained.
Unfortunately, the lest obstacle, projectile integrity, has not been overcome
as yet although several distinct possibilities exist that may offer a success-
ful solution.

The explosive initiation studies -conducted in the one-
¢imensional chamber have demonstrated that there are several explosives or
explosive combinations that will initiate when subjected to a detonation wave
in a gaseous mixture at moderate initial pressures (3 - 15 atm). The delay
time to initiate the detonation for these explosives is also short enough
(< 10 psec) to be nearly instantaneous for the conditions of this problem.
Some of the materials are rejected for safety reasons. Others, PETIN and nitro-
cellulose for example, are free from undue hazard. The superfine PETN
formulation that offers the most promise has been successfully menufactured
into thin hemispherical sheils and successfully detonated in a hemisphericsl
cavity. The resulting spherical implosion wave was apparently stable and had
a high degree of symmetry. This is probably the first time an implosion has
been generated in this fashion. The pressure measurcments made using copper
witness plates at the origin indicate that the pressures generated were in
substantial agreement with those predicted.

The results of three numerical implszior experiments have
been analyzed and have given much insight into the physics of implosions.
The striking difference between driven and undriven implosions has been noted
and explained. The physical laws governing the flow behind the reflected im-
plosion have been uncovered, and an approximate physical model made which
accounts for the differences between the classical implosion from infinity and
the implosion in a sphere. In short, the physics of the implesion cycle is
now known although some finer points and the effects of radiation and viscosity
require further study. Such investigations have already been started.

A semi-empirical model of the implosion driven launcher per-
formance has been made. It uses much of the physics of implosions in spheres
but requires some guestionable assumptions to bridge gaps in the complete
understanding of the implosion and reflection processes. This model was used
to calculate the performance of the implosion driven launcher,
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Twe serifs of explosive-driven runs have been made; one using
lead azide liners, which were accomplished before the hazard of using this
material was fully appreciated; the other series made use of the superfine
PETN formilation develcped subsequently in the one-dimensional explosive
initistion study. The lead azide runs which used a barrel with excellent
finish and bore charescteristics, yielded velocities as high as 15,000 fps
for a 0.22 inch one-caliber polyethylene projectile. The projectiles slso 6
survived intact, leanch cycles having computed peak accelerations of 5 x 10~ g's.
The -PEIN- runs whica were done in a different barrel configuration with less
favorable finish produced velocities up to 17,650 fps for 0.312 inch one-caliber
polyethylene proJectiles.6 The peak calculated peak g' leadings for these cases
were from 100 t, 500 x 10¥ g's. The projectiles were generally distorted at
the lower g loudings and were fragmented at the: higher loadings. While it is
clear that thr, acceleration profile is playing an important role in the break-
up of the prc¢jectiles it is also clear that the poor bore finish and concen-

tricity are contributing to the failure. Work on improving barrel finish i1s
currently in progress.

: The projectile problem is presently being investigated from
two points of view: a detailed study of the failure modes of the projectile

in anticipetion of rational projectile design or materials improvement programs;
methods of tailoring the pressure-time history produced by the implosion to
make it more favorable for projectile survival., Since there is considerable
iatitude in the performance of this device, some of this can be sacrificed to
obtain a more favorable acceleration profile.

In all, it cen be concluded that 2 considerable amount of
progress has been made in the present study in the bringing of the unigue
Implosion Driven Leuncher concept into practical reality.
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0.54 G.61Y% 1.04 0.4691
0.56 0.6078 1.06 0.4640o
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G.60 0.5946 1.10 0.bsh2
.62 0.5881 1.12 c.4493
0.64 0.5818 1.14 0.Lu4ks
G.66 0.5755 1.16 0.4397
0.68 0.5693 1.18 0.4350
0.70 0.5€31 1.20 0.4303
0.72 Q.5571 1.22 0.4256
0.7k 0.5511 L.oh 0.4210
0.76 0.5452 1.26 0416k
0.78 0.5393 1.28 0.4119
0.80 0.5335 1.30 0.LoT7h
0.82 0.5278 1.32 0.4029
0.84 0.5222 1.34 0.3985
0.86 0.5166 1.36 0.3941
0.88 0.5111 1.38 0.3898
0.9 0.5056 1.40 0.3854
0.92 0.5002 1.42 0.3812
0.94 2.4949 1.4k 0.3769
0.96 C. 41896 1.46 0.3727
0.98 0.L484Y4 1.48 0.3685
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TABIE 7
VALUES OF INITTAL CONDITIONS AND CHAMBER PARAMETERS OBTAINED FROM BRODE'S
CALCULATIONS AND THE IMPLOSION. IN A SPHERE MODEL

Initial Conditions Parameter Brode Implosion in s Sphere ;
Case 1 P pound (PS1)  1.25x107 1.2x107 i
100 psia Tinbound (CK) 1.0 x10° 1.3x107 i
PHo+0o+THe ¥ = 1.67 tx(psec) 1.80 1.23 !
_ : . 5 . 5 {
Pourneq = *70 Psia p*(pzl) h.3x105 2.dx105 |
- — O N
T urneq = 2000°%K Tx{°K) 3.4x10 4, bx10 %
| & urneq = 0+20k cm/psec t3 pp(ksec) 17.3 12.0 i
F R, = 20 cm texp(Hsec) N.A.¥ 12.3
0.1 inch TNT liner teye(1sec) N.A. 24,3
ry = 2.0 cm %
Case 2 By g (PSie) 3.5x10° 6.4x10° f
i ) 3 3 !
1000 psia Tburned( K) 1.9x105 3.6x105 %
2Hot0, (real gas) pinbound(psia) 2.OxlO3 2.9x10h 5
= o '7;
Ry = 20cm Tinbound( K) 3.0x10 1.kx10 §g
rx = 2.0cm ty(usec) 9.3 9.31 i
0.1 inch COMP 3 liner Dy (psia) . u9.8x105 2.0x106 ;
T (°K) s ,ox10% 2.5%10%° :
timp(psec) k2,5 35.3 ;
timp(usec) N.A. 93.1 S
tcyc (nsec) N.A. 128.4
3 3
. Case 3 pinbound(gsi) h.9x103 u.9x103
100 psia Tinbound( ) 6.6x10 7.1x10 !
2H, + 0, THe ty(usec) 2.22 2.hk ;
y = 1.67 Px(psi) l.Oxth 9.3x%103 !
l §
Pourned = 470 psia 7, (°K) 1.8x10" 2.5x10b ,
- o ( \ .
Tyurneq = 2000 K timp\useg) 26.7 ol 4
8 urneq = 0-204 cm/usec texp(usec) 27.6 2L
R, =10 cm toye (usec) 54.4 48.8

no explosive

r, = 1.0 cm

N.A.* Not Available. K
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TABLE 11

CRITICAL VALUES OF IiiPACT ENERGY POR IMPACT SERSITIVITY TESTS (REF. 72)

EXPLOSIVE

AN

CcoMP Ch

THT

COMF B

50/50 Pentolite
50/50 Amatol

XG

EDNA

Torpex

Tetryl

RDX

PETN

Lead azide

Mer sury fulminate
Diazodinit:- Hhenol

Tetrazene

PICATIRNY ARSEFAL

(cal/cmz)

1.2
0.9

C.77
0.77
0.72
c6

0.6

0.48
0.47
0.4t
0.35
0.29
¢.12
0.12
0.12

BUREAU OF MINES
(cal/cmz)

> 2.6
> 2.6
2.6
1.8
0.68
2.3
0.16
‘1.0 -
0.96
0.61
0.77
0.4
0.26
0.12
0.12
0.17
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TABLE 13

TNITIAL PRESSURE OF 2H, + O, TO INITIATE DETONATION IN EXFLOSIVE BY IMPING~

ING GASEQUS DETONATICN WAVE

Explosive

Lead azide

Superfine PETN

Lead azide - PETLN mixture
Superfine PETN/No. 1 Paste*
Superfine FEPN/No. 2 ,aste¥
PETN " pox«'f_‘ler"s2

PETN pressings (present tests)
PETN pressings9O
Nitrocellulose

No. 2 paste

No. 1 paste

Blasting gelatin82
FETN/EL-506
Tet:acene

Cast PETN82
Picric acid82
Tetry182
Mercury fulminate

Lead azide/Heller

Tead azide/EL-506
Nitromannitol

Corregated nitrocellulose
CHMX

FEIN fabric

Superfine FETN/FPETN fabric
Heller

EL-5067°

pINa%°

Lead azide-polyurethane

* Depends on thickness of top layer

Initiation Pressure

(Atmos)

p; < 0.026
1.71 < p; < 3.42
p; < 6.1
3.43 < Py < 10.9
p; < 6.8
p; < 10
6.12 < p; < 8.89
~ 12.5
11.2<p; <11.6
~ 14
10 < 1
13.6 < Dy < 17.0
12,2 < p; < 18.4
15 < p; < 20
2h < p; < 30
1<< py
6.25 < py
6.25 < py
6.25 < P
6.25 < py
12.3 < pi
12.4 < Py
13.7 < Py
13.7 < Py
18.4 < Py
98. < Py
98 < p
20 K pi

[ R U
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TABLE 14

Measured "Delay” Times For Iaitiation of Detonations in Explosives

Explosive
Lead azide

Hitroceilulose

IETY

Ty

PETN(SF)
Tetracene

No. 1 PETIN Paste/
(SF) PETN

No. 2 FRIN Paste/
(SF) PETN

Density

(g/ce)

Sample Weight Delay Time Initial Pressure

(grams) (usec) {atmos)

11.3 4.0 2.0l i
6.3 <1.0 6.05 ~
z.62 <1.0 6.25
6.1 <1.0 6.22
3.0 9.0 12.2
k.0 7.2 11.6
4,229 7.7 10.9
L, 229 7.0 13.5
4,229 6.3 12.25
3.69 2.5 18.35
.25 3.7 6.8
1.50 12.0 3.4
5.3 9.5 1z.2
4.3 6.0 18.4
6.1 6.5 18.4
5.0/0.9 4.6 10.9
5.0/0.2 6.5 12.25
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TOTAL LAUNCH WEIGHT (GRAMS)

io0,000

1,000

100

10

[ =]
L J
-t

0.01

0,001

FiG. 1

E f v
: O 1963-1966 DATA
=
-
- xf-APPARENT
= PERFORMANCE ~—1
= LIMIT
_ \ 1966
1961 -
'Ll {4 1 1 12 1 111 L i bl it 1 {11
¢ 10 20 30 40 50 60

MAXIMUM LAUNCH VELOCITIES AND WEIGHTS - 1966 (REF,

VELOCITY (KFT/SEC)
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e i

INITTAL PRESSURE OF 2H, + O, TO INITIATE DETCATION IN EXFLOSIVE BY IMPING-
ING GASEOUS DETONATION WAVE

TABLE 13

Pp—— ~ L T

A Toadie

S KRS R b RS AR S e

W

Explosive

Lead azide

Superfine PETN

Lead azide - PEIN mixture
Superfine PETN/No. 1 Paste*
Superfine PETN/No. 2 paste*
PETN "powder"82

FETN pressings (rresent tests)
PETN pressings9O
Nitrocellulose

No. 2 paste

No. 1 paste

Blasting gelatin82
PETN/EL-506
Tetracene
Cast PETN

Picric aci
182

82
482

Tetry
Mercury fulminate

Lead azide/Heller

Lead azide/EL-506
Nitromannitol

Corregated nitrocellulose
aHMX

PETN fabric

Superfine PEIN/PETN fabric
Heller

EL-5067°

pINAT©

Lead azide-polyurethane

¥ Depends on thickness of top layer

Initistion Pressure

(Atmos)

p; < 0.026
1.70 < p. < 3.k2
p; < 6.1
3.45 < p; < 10.9
pi < 6.8
Py < 10
6.12 < p; < 8.89
~ 12.5
11.2< p; < 11.6
~ 14
~ 15
10 < p;

13.6 < p; < 17.0
12,2 < p, < 18.4
15 < p; < 20
2k < p; < 30
1<< p4y
6.25 < py
6.25 < Pi
6.25 < p;
6.25 < py
12.3 < pi
12.4 < p;
13.7 < Py
13.7 < Py
18.4 < Py
98. < py
98 < p
20 < pi

[V By

PREVSN



TABLE 1h4
Measured "Delay” Times For Initiation of Detonations in Explosives
Explosive " Density Sample Weight Delay Time Initial Pressure
(g/cc) (grams) (usec) (atmos)
Lead azide 1.67 11.3 k.0 2.0k
1.67 6.3 <1.0 6.05
1.67 2.62 <1.0 6.25
) .67 €.1 <1.0 6.22
Nitrocellulose - 3.0 9.0 12,2
. " k.o 7.2 11.6
FETN 1.0 4,229 7.7 10.9
1.0 4,229 7.0 13.5
1.0 4, 229 6.3 12.25
PETN 0.87 3.69 2.5 18.35
PETN(SF) 0.588 2.25 3.7 6.8
0.588 1.50 12.0 3.41
Tetracene - 5.3 9.5 12,2
- 4,3 6.0 18.4
- 6.1 6.5 18.4
No. 1 PETN Paste/
(SF) PETN - 5.0/0.9 4.6 10.9
No. 2 PEIN Paste/
(SF) FETN - 5.0/0.2 6.5 12.25

Y

%
1y

fp

BT
|

e A ma

Lo e
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FIGURE 16

SIMILARITY VARIABLES T, ¢ AND ¥
VERSUS 7 FOR 7=2 (& =1.0)
FOR A SPHERICAL IMPLOSION
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FIGURE 18

CONSTANTS £, @, AND ¥, VERSUS 7
FOR THE
— ) SPHERICAL IMPLOSION SIMILARITY SOLUTIDNS

@ CALCULATED VALUES
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FIGURE 20
L0G e;mak/Ev VERSUS LOG rS/Ro
FOR 56=0, 1, AND 2
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FIGURE 29 P
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FIGURE 30
PEAK PRESSURE VERSUS RADIUS
FOR THREE CASES OF IMPLOSIONS
IN A SPHERE
A CASE 1 100 PSI - TNT
O CASE 2 1000 PSI - COMP B
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FIGURE 67

VIEW OF THE LEAD |MPACT PLATE FOLLOWING AN IMPACT WITH A
DISTORTED NOMINAL 5/16 INCH DIAMETER ONE CALIBER
POLYETHYLENE PROJECTILE ( V = 10520 FPS )
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FIGURE 68

PHOTOGRAPH OF A DISTORTED 5/16 INCH DIAMETER OME CALIBER
POLYETHYLENE PROJECTILE AT 10520 FEET PER SECOND AFTER A
91.5 GRAM PETN LAUNCH (RUN NO, 213)
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FIGURE o9

PHOTOGRAPH OF A FRAGMENTED 5/16 INCH DIAMETER, ONE CALIBER

POLYETHYLENE PROJECTILE AFTER A 209.4 GRAM PETN LAUNCH
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FIGURE 70

VIEW OF THE LEAD IMPACT PLATE FOLLOWING AN

IMPACT WITH A

INCH DIAMETER ONE CALIBER POLYETHYLENE

FRAGMENTED 5/16
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FI1GURE

AL
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IMPACT PLATE FOLLOWING AN IMPACT WITH AN

~

&
AT

ESIUM PROJECTILE

-

(V= 9100 FPS )

VIEW OF THE LEAD
INTACT 5/16 INCH DIAMETER, ONE CALIBER MAGN
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FIGURE 72

:g PHOTOGRAPH OF A FRAGMENTED 5/16 INCH DIAMETER ONE CAL!BER
E FIBERGLASS PROJECTILE AT A BULK VELOCITY OF 11100

AFTER A 90,8 GRAM PETN LAUNCH (RUN NO. 218)
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| 0.16——— 0,952
1 ]
TEST PLATE ——

(MILD STEEL) J ]
COLD-ROLLED N3.65 : 0&1139
STEEL T'JBE—';:.Q.75_:‘ GAP

N N
PROPELLANT CHARGE | N 1397
(ACCEPTOR) ‘\i\\ \
N N\
\ N
\ N
\ N
CARD GAP A
VARIABLE T
TETRYL PELLETSq:%E;// ly
2,5h
DETONATOR
(DONOR) DIMENSIONS I

CENTIMETERS

FIGURE 74

CHARGE ASSEMBLY AND DIMENSIONS FOR THE
STANDARDIZED NOL GAP TEST (REF79)
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(t IN MICROSECONDS)

t

LOG10

DETONATION
REGiON

DETONATION
BOUNDARY

0.25  0.50 0.75
Eq (KCAL/GRAM)

FIGURE 76

DETONATION - FAILURE DIAGRAM
FOR A FICTICIOUS EXPLOSIVE

(REF 86)
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FIGURE 77

VIEW OF THE ONE-DIMENSIONAL CHAMBER USED FOR THE INVESTIGATION
OF THE INITIATION OF EXPLOSIVES BY GASEOUS DETONATION WAVES
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-300 VDC

- Ed

PROBES

A. CLASSICAL I1ONIZATION PROBE CIRCUIT
KNIGHT AND DUFF (REF 91)

-300 VDC
b, 7K L, 7K 4., 7K
1IN39A IN39A | 1IN39A
L 1 A AR S
L T-001 [T 001] Toogy]
MED T MFD I MFDS 200 To  scoPE
5 1 1;
ﬁ 1IN39A IN39A | 1N392
4 J J D ; o
L q d

PROBES

B. IONIZATION PROBE CIRCUIT a5 MODIFIED
TO DETECT REFLECTZD WAVES

MAea il e it i i)

FIGURE 81 1OWIZATION PROBE CIRCUITS

BRI



A, RESULT FRCM A DEFLAGRATING RUN

Pl = 200.5 PSiA 2H2+02

EXPLOSIVE = 1.3 GRAMS OF PETN
'CLOTH'

B. RESULT FROM A PARTIAL DETONATING RUN

P| = 201.0 PSIA 2H,+0,

EXPLOSIVE PACKAGE = 1.3 GRAMS PETN 'CLOTH'
WITH A 0,4 GRAM PETN TOP LAYER

(ONLY THE TOP LAYER DETONATED)

FIGURE 82
TYP{CAL OSCILLOGRAPH RECORDS OF WAVE-SPEED MEASUREMENTS IX

THE ONE-DIMENSIONAL CHAMBER OBTAINED USING THE MODIFIED CIRCUIT

TIME CALIBRATION
10 MICROSECONDS PER DIVISION




WL FR TR
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\::?o FIo KE 83
é WAVE FRONT DIAGXAMS FOR 2H,+0,
n IN THE ONE~DlinZ'o:GHAL CHAMBER FOR
SEVERAL VALUES OF INITIAL PRESSURE
R
N\ F
— -1
SLoPE™! =
1,79 KM/SEC
SYMBOL  RUN INITIAL o
NUMBER  PRESSURE
o 42 270 PSIA
. A 40 180 PSIA
—— 0 32 30 PSIA

L
DISTANCE x

6 8 10
(CENTIMETERS)

oo

P e ha
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FIGURE 8k

N WAVE FRONT DIAGRAMS FOR LEAD AZIDE

° IN THE ONE-DIMENSIONAL CHAMBER FOR

— SEVERAL VALUES OF INITIAL PRESSURE
[

REFLECTED SHOCK
TRAJECTORY FOR

e

SYMBOL  RUN INITIAL
NUMBER PRESSURE

—— A 170 30 PSIA
Q 67 89 PSIA

o) 58 92 PSIA

~a < © NO EXTLOSIVE
Q
\A \<
— AN
N
En/ P 8

48.8

9.17
4,60 O

DISTANCE X

A
o

A
O
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0 D

8
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FIGURE 85

WAVE DIAGRAMS FOR PETN PRESSINGS
IN THE ONE-DIMENSIONAL CHAMBER FOR
SEVERAL VALUES OF INITIAL PRESSURE

W= 4,229 GRAMS
DENSITY = 1,0 G/CC

REFLECTED SHOCK
TRACECTORY FOR

o \NO EXPLOSIVE
\\\\\\\\\\\A:::::: AN J

J

oo

SYMBOL RUN

>Ooa

INITIAL Eg/P A
NUMBER PRESSURE !

18 160 PSIA 47.2
b3 180 PSIA 42,0
38 270 PSIA 24,0 )

2 4 6 8 10
DISTANCE X (CENTIMETERS)
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DISTANCE X

FIGURE 86
WAVE FRONT G!AGRAMS FOR NiTROCELLULOSE
IN THE ONE-DIMENS!ONAL CHAMBER FOR
SEVERAL VALUES OF INITIAL PRESSURE
\\\o
L \\\\\\\\ .
S DEFLAGRATION
\u
. o}
DETONATION
a
~ 3
SYMBOL RUN  INITIAL  Ea/P,
NUMBER PRESSURE

0 114 170,5 PSIA 31,6 N

o 49 180,0 PSIA 21.8 //////=

A 121 165.0 PSIA - & )
N e

D
8

SLOPE™! = 3.06 KM/SEC
ALL 3 CASES

6 8
(CENTIMETERS)

10
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°\ FIGURE 87
\._ WAVE FRONT DIAGRAMS FOR SUPERFINE PETN
o IN THE ONE-DIMENS |ONAL CHAMBER FOR
w0 b= SEVERAL VALUES OF INITIAL PRESSURE
- a S
DEFLAGRAT I ON :
30 |- |
3 ~ ' o)
% 7 \\\A _ f
F‘ g D : '
3 ° i
3 o .
3 o 20 - |
| & % |
= DETONAT ION A
= N ‘
¥ 10 -
z o) )
S A ) ) 4
I SYMBOL  RUN INITIAL  En/P,
5 NUMBER PRESSURE : ;
50— ) 194  25,1PSIA DI
i o 199 50.0PSIA 149.5
Z A 202 100.0PSIA 37.4
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=
D
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FIGURE 89

OVERDRIVING INCREMENT VERSUS DISTANCE
FOR DETONATION WAVES IN STOICHIOMETRIC
OXYSEN - HYDROGEN (REF 9%)
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\.\0\ ® ° .\\
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8 L FIGURE 92
b \ DEPTH OF INITIATION VERSUS
\ SHOCK PRESSURE FOR PETN (REF 96)
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[ FIGURE 96

[~ MEASURED DELAY TIMES FOR INITIATION OF

. DETONATION VERSUS INITIAL PRESSURE

OF 2H,+0,
~ SYMBOL EXPLOSIVE
e} RITROCELLULOSE
— o LEAD AZIDE
A TETRAZENE

- ° SUPERFINE PETN
2 —~ o PETN p=1,0 G/CC
8 v PETN p=0,87G/CC
w . PETN PASTE/PETN (SF)
o
[-'4
°
x
“ q0d
w
z
[,
S
«
-d
w
(=]

101 102
INITIAL PRESSURE  (ATMOSPHERES)
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A. MARKINGS LEFT BY DETONATING PETN PRESSINGS AT AN

INITIAL GAS PRESSURE OF 160 PSIA OF 2H2+02. GROOVES

ARE THOUGHT TO BE LOC! OF COLLIDING DETONATION WAVES
IN THE EXPLOSIVE.

B. MARKINGS LEFT BY DETONATING SUPERFINE PETN AT AN

INITIAL GAS PRESSURE OF 50 PSIA OF 2H2+ OrHOMOGENEOUS
CHARACTER OF DAMAGE INDICATES NEARLY SIMULTANEOUS
INITIATION OF THE EXPLOSIVE.

FIGURE 97
MARKINGS LEFT ON WITNESS CUPS BY DETONATING EXPLOSIVES
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FIGURE 98

DETONATIOR PRESSURE VERSUS PACKING DENSITY
FOR SEVERAL EXPLOSIVES (REF 71)

COMP B 4 ‘if///v
'/

1
DENSITY p (GRAMS/CUBIC CEHYEMETER)

/
®

LEAD AZIDE
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FIGURE 99 IMPRINTS LEFT IN COPPER
WITNESS BLOCKS OF IMPLOSION RUNS.

ABOVE LEFY. [IMPRINT LEFT BY 86,5 GRAM
PETN - 200 PSIA STDICHIOMETRIC OXYGEN -
HYDROGEN RUN. THE SUBSTANTIAL DEPRESSION
IN THE CENTER 1S CAUSED BY THE HIGH
PRESSURES GENERATED BY THE IMPLOSION.

ABOVE. SIDE VIEW OF THE PETN RUN.
THE ENTIRE WITNESS BLOCY HAS YIELDED

LEFi.. IMPRINT LEFT BY A 500 PSIA
STOICHIOMETRIC OXYGEN - HYDROGEN RUN,
THE DEPRESSION IN THE CENTER IS DUE TO
THE FOCUSSED IMPLODING SHOCK WAVE.

PRSI N o]



B WEE

(PS1A)

PRESSURE

106

10°

103

10

N |

‘\\\ EXPLOSIVE DRIVEN CASE
REFLECTED WAVE

INCIDENT WAVE

GAS CASE

REFLECTED WAVE ) \\\\
INCIDENT WAVE \\\‘

® GAS CASE
B EXP CASE

.I.U.LUJL_L.U.JML_LU.UJ

1 101 102
RADIUS (CENT IMETERS)

FIGURE 100

THEORETICAL PEAK PRESSURES VERSUS RADIUS FOR IMPLODING AND
REFLECTED WAVES USING THE IMPLOSION IN A SPHERE MODEL AND
THE EXTENT OF THE YIELDED REGIONS FROM THE COPPER WITNESS
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F1GURE

IMPLOSION DRIVEN LAUNCHER

IN THE FIRING POSITION

VIEW OF THE
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A, EROSION FROM SEVERAL CONSTANT VOLUME COMBUSTION RUNS
(v =73000 - 5000 FT/SEC )

B. EROSION FROM A SINGLE GASEOUS DETONATION RUN USING 500
PSIA OF STOICHIOMETRIC OXYGEN - HYDROGEN ( V = 7750 FT/SEC )
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C. EROSION FROM A SINGLE EXPLOSIVE DRIVEN RUN USING 81 GRAMS
OF PETN ( V = 17,650 FT/SEC )

FIGURE 103 EXAMPLES OF BARREL EROS!ON
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A ORIGINAL TOP PLATE DESIGN

N

NN

.

B EXISTING TOP PLATE DESIGN AS MODIFIED
BY THE ADDITION OF 24 SET SCREuS

77

C IMPROVED TOP PLATE USING EXISTING NUT

T

i
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‘ Ve // A
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/ 2

0 PROPOSED HIGH PRESSURE TOP PLATE
DCSIGN PRESSURE LIMIT 100,000 PSIA

FIGURE 107 TOP PLATES USED IN THiS STUDY
AND THE PROPOSED HIGH PRESSURE TOP PLATE
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A ORIGINAL O-RiNG DESiGN.NC LOAD CONDITION

777777777 ”
2' /4
B ORIGINAL O-RING DESIGN . LOADED CONDITION
(EXTRUDES AND FAILS)

s

C PRESENT O-RING DESIGN . NO LOAD CONDITION

VIAIII I
A .

D PRESENT O-RING DES{GN-LOADED CONDITiON
BACK-UP RING PREVENTS EXTRUSICN

'l

FIGURE 109
0-RING EXTRUSION CHARACTERISTICS AND
AN EXTRUSION RESISTANT DESIGN
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FIGURE 111 o/ /
DEFLECTION - ZOAD CURVES FOR SEVERAL STATIONS 0/
FOR THE IXPROVED TOP PLATE /
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FIGURE 118 FULL VIEW OF A MOCK-UP SHOWING THE
STEPS TAKEN IN THE MANUFACTURE OF THE EXPLOSIVE
LINER PACKAGE

SACRIFICIAL LEAD LINER
THIN COAT OF CEMENT

L

3 OPEN CORE FOAM PLASTIC MATRIX

4 PETN SLURRY FORCED INTO PLASTIC MATRIX
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FIGURE 119
FULL VIEW OF THE REMAINS OF A 0,1 INCH LEAD

LINER AFTER A NOMINAL 80 GRAM PETN RUN
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FIGURE 120

STUDY MODEL OF A 30 INCH INSIDE DIAMETER IMPLOSION DRIVEN LAUNCHER
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BARREL INS!DE DIAMETER 1.0 INCHES
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TOTAL ENERGY

100
ZZ , FIGURE 121
[ PREDICTED PERFORMANCE FOR 30 INCH INSIDE DIAMETER IMPLOSION DRIVER
1.0 INCH DIAMETER ONE CALIBER PROSECTILE
— DENSITY = 1,0 G/CC
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